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ABSTRACT 
Even though the quantitative nature of nuclear magnetic resonance (NMR) spectroscopy is com-
monly known, it is not used widely. Reasons might be the high price of the instrumentation or 
relatively low sensitivity when compared to other spectroscopic techniques, but after all, the 
main reasons might be the deep-seated, outdated misconceptions. In the past, it was commonly 
acknowledged that NMR spectroscopy requires a professionally skilled operator to run the expe-
riments, and the quantitative accuracy was believed to be average at maximum. However, as the 
equipment and the software developed also the interest in the quantitative applications rose.  
The aims of the present thesis were to develop tools for quantitative NMR (QNMR) spectroscopy 
and protocols utilizing quantitative proton NMR (qHNMR) spectroscopy for chemical and bio-
chemical applications. A qHNMR strategy for low-level impurity quantification from mixtures 
was presented and validated. In the case of unknown impurities, a protocol based on logical rea-
soning together with simple 2D experiments followed by total-line-shape quantification was 
presented as an efficient tool for impurity screening and structure elucidation. The applicability 
of qHNMR to explore biochemical processes was examined using three examples. A qHNMR 
protocol to study lipid oxidation and potential antioxidants was developed and applied to under-
stand the effects of mercury to lipid peroxidation and to prove the antioxidative effects of hy-
droxymatairesinol. Secondly, the binding properties of Pr-10 protein were studied using STD 
NMR and differences in the ligand binding properties could be shown by using the qHNMR 
tools. Finally, a qHNMR strategy to study the dynamics of enzymatic modification of LDL was 
presented. As a result, a novel signal assignment was done, and, in addition, we were able to see 
the early generation of lysophosphatidylcholine during the oxidation of LDL. 
In the present thesis, qHNMR tools and protocols for chemical and biochemical applications 
were developed and it was demonstrated that qHNMR rivals the traditionally used chromato-
graphic protocols for impurity screening, and, also, is suitable to be used in multiple biochemical 
applications where detailed information on undergoing processes is needed. 
 
Universal Decimal Classification: 543.429.23 
National Library of Medicine Classification: QU 25 
Medical Subject Headings: Magnetic Resonance Spectroscopy; Drug Contamination; Pro-
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Little by little, one travels far. 
-J.R.R. Tolkien 
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PCA principal-component analysis 
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qHNMR quantitative 1H nuclear magnetic resonance spectroscopy 
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TOCSY total correlation spectroscopy 
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1. INTRODUCTION TO QNMR SPECTROSCOPY 
1.1. Theory 
1.1.1. From nucleus to spectra 
All the spectroscopic techniques are based on the principle of energy difference between 
two states. The same applies for quantitative nuclear magnetic resonance (NMR) spec-
troscopy. The two states of a nucleus with a nuclear spin quantum number of ½ (com-
monly named as α- and β-states), and hence the energy difference, are generated in the 
presence of an external magnetic field ( 0B ) by the magnetic moment of the atomic nuc-
leus. The energy difference (ΔE) between the two states is 
 0E BγΔ = =  (1.1) 
where γ is the gyromagnetic ratio for a given nucleus and ħ is the reduced Planck’s con-
stant. Each nucleus has a different gyromagnetic ratio, for example, gyromagnetic ratios 
of proton (1H) and carbon (13C) are 42.58 MHz/T and 10.71 MHz/T, respectively.  
Since there is an energy difference between the two states, there is also a difference 
between the occupancy of the α- and β-states. The relative population of a state is given 
by the Boltzmann distribution 
 
0
01
BE
kT kT
N y Be e
N kT
γ
β
α
Δ
− −
= = ≈ −
= =  (1.2) 
where Nα,β represent the number of nuclei in the spin orientation, k is the Boltzmann 
constant and T the temperature. Since the energy difference between the two states is 
very small, the corresponding population differences are similarly small. For example, 
in an 11.74 T magnet, the population ratio of proton nuclei in room temperature is 
0.999987. This makes NMR very insensitive and unique when compared to other spec-
troscopic techniques such infrared and ultraviolet spectroscopy, which have almost 
100 % population at the ground state. However, the slight excess of the nuclei in the 
more favorable α-state generates so-called net magnetization, and it is fundamental to 
NMR spectroscopy. 
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As can be seen from the equation (1.2), the population ratio of the states is affected 
by several factors. Nuclei that have large gyromagnetic ratio are more sensitive than 
those with lower ratio are. Proton has the largest ratio for the naturally abundant nuclei, 
and thus, is the most sensitive nucleus. Also, sensitivity can be increased by decreasing 
the measurement temperature or by increasing the magnetic field. 
In order to observe the net magnetization, its thermal equilibrium state must be dis-
turbed with an additional external field generated by a radiofrequency pulse, which has 
defined amplitude and duration (Figure 1). This irradiation imposes a torque to the bulk 
magnetic moment, and it will rotate perpendicular to the pulse. By adjusting the length 
of a pulse, one can define a tilt angle for the bulk magnetization vector. 
 
Figure 1. (A) A pulse is applied with a transmitter coil from x-direction, and after the exci-
tation, (B) the magnetization vector starts to rotate around the z-axis. The precessing magne-
tization induces a voltage to a receiver coil located at the y-axis and (C) is then detected as a 
time dependent signal. 
After a 90-degree pulse, there is no net magnetization along the z-axis, and the pop-
ulation difference between the α- and β-state is equalized. The net magnetization is now 
in the x-y-plane. After the pulse, the bulk magnetization vector will have tendency to 
return to its equilibrium size and position. The process is known as relaxation. The re-
laxation happens both in the z-direction (longitudinal relaxation) and in the x-y-plane 
(transverse relaxation). If the excitation is done with 90-degree pulse, the recovery of 
+z-magnetization (Mz) follows the expression 
 10 1
t
T
zM M e
−⎛ ⎞
= −⎜ ⎟⎜ ⎟⎝ ⎠
 (1.3) 
where 0M  is the magnetization at thermal equilibrium, t is time, and 1T  is the first-order 
time constant for this process. The first-order relaxation times can be order of seconds, 
1. Introduction to QNMR Spectroscopy 
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which makes QNMR spectroscopy a relatively slow method when compared to other 
spectroscopic techniques where the data acquisition can be repeated several times in a 
second. 
As soon as the net magnetization is exited, it starts to rotate in the x-y-plane. The ro-
tating magnetization vector will produce a weak oscillating voltage in the coils that sur-
round it, and the voltage is then detected. Eventually, it will lead to the observed NMR 
signal. The relaxation of the bulk magnetization vector causes the oscillating voltage to 
disappear, and it causes the NMR signal to decay with time, producing the observed free 
induction decay (FID). 
The final step towards the NMR spectrum is the transformation of the time depen-
dent FID to frequency dependent spectrum. These two domains, time and frequency, are 
related by simple functions, and the frequency domain spectrum can be produced from 
time domain signal with Fourier transformation. 
1.1.2. The spectral parameters 
The spectral parameters are chemical shift, which tells the type of the nuclei, splitting 
and coupling constant, which describe the neighbors of the nucleus, and peak’s area, 
which is proportional to number of nuclei, or in the case of different molecules, propor-
tional to concentrations. 
Each nucleus in a molecule, except those that average owing to molecular motion, 
has different molecular surroundings, and thus, different electronic environments. Elec-
trons around the nucleus shield it from the external magnetic field, and thus their reson-
ance frequencies will be different. The difference between the frequency of the reference 
signal and the frequency of the signal is divided by the frequency of the reference signal 
to give the chemical shift. In proton spectroscopy, chemical shifts are usually referenced 
to TMS (tetramethylsilane) or TSP (3-(trimethylsilyl)propionic acid-d4 sodium salt), 
whose proton chemical shift is set to 0 ppm. 
The energy state of a nucleus may also be affected by the spin state of nuclei near-
by. In such cases, the nuclei are said to be spin-spin-coupled to each other. This can be 
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observed from spectrum as peak splittings. The multiplicity of the split peaks depends 
on the number of coupling adjacent nuclei. The magnitude (Hz) of the splitting is known 
as the coupling constant, and it depends on the strength of the coupling. 
The third, and the most important parameter when speaking on qHNMR spectros-
copy, is the area of NMR signal. The area under each signal arising from non-
exchangeable proton is directly proportional to the number of equivalent nucleus re-
sponsible for that signal, or in other words, is directly proportional to the molar amount 
of the detected isotope. Nowadays, routine integration is done daily without thinking the 
theory behind it. However, it is not the integration itself that is the main source of errors 
in quantitative NMR, but integration related parameters such as baseline as discussed by 
Pauli.1 This will be discussed in more detail in chapter 1.2. 
1.1.3. Acquisition parameters for QNMR spectroscopy 
The basic acquisition scheme for quantitative NMR experiment follows the scheme re-
laxation-excitation-acquisition. Each of these parts plays a key role in quantitative expe-
riments. Before the acquisition itself, there are a few steps that must be taken into ac-
count. 
The basic requirement for accurate quantitative, as well as for all the high-
resolution measurements, is highly homogeneous magnetic field. Inhomogeneities in the 
magnetic field are corrected by shimming. When the field is shimmed properly, known 
line shape and the best signal-to-noise ratio (S/N) are obtained. Shimming can be done 
manually or automatically, and nowadays gradient shimming routines offer the best 
time-quality ratio.2,3 
Sample spinning is a common way to improve the resolution of an NMR spectrum. 
However, spinning the sample arouses small unwanted signals to the spectrum, so-called 
spinning sidebands that are proportional to spinning rate of the sample.4 There have 
been attempts to remove the spinning sidebands5,6, but the most convenient way to avoid 
the spinning sidebands on a modern high-quality NMR equipment is to acquire data on a 
static sample, i.e., in non-spinning mode. 
1. Introduction to QNMR Spectroscopy 
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The delay before the excitation is usually referred as the relaxation delay. The ex-
cited bulk magnetization vector is allowed to return to its equilibrium state during this 
time. It is crucial for quantitative work to allow the magnetization to recover fully be-
fore applying a new pulse. Pulsing too rapidly, that is, using very short repetition times 
relative to 1T , leads to a substantial decrease in signal’s intensity. In the extreme case 
magnetizations has no time to recover between pulses and eventually no signal can be 
observed. This condition is known as saturation. For spins to relax fully after a 90-
degree pulse, it is necessary to wait a period of at least 15 T×  of the slowest relaxing 
nuclei (1.3). At this point, the magnetization has recovered by 99.33 %. 
Whereas the maximum signal results from a 90-degree pulse, it is often more effi-
cient to use smaller flip angle when doing a quantitative experiment to reduce the recov-
ery time for the magnetization. The optimum pulse flip angle, known as Ernst angle7, 
can be calculated using the expression 
 1cos
rt
Teα
−
=  (1.4) 
whereα  is the optimum tip angle for a pulse repetition time rt . Calculating the optimum 
flip angle using the longest 1T  relaxation time in the sample and a reasonable repetition 
time leads to the largest S/N in the shortest time. 
The spectral window (or sweep width) defines the size of the observed frequency 
window. It should not be too narrow to ensure the receiver filters do not interfere with 
resonance intensities at the edges of the spectrum. An additional 2 ppm region is rec-
ommended on to both the ends of the spectral window. This will also lead to a flatter 
baseline. The pulse, which excites the spectrum, is usually given automatically in the 
middle of the spectral window. 
  
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
20 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
According to Nyquist Theorem8, an oscillating signal must be defined by at least 
two data points per wavelength. This holds also for NMR, and thus, an NMR signal 
must be sampled with time intervals equal or shorter than 
 1
2
DW
SW
=
×
 (1.5) 
where DW  is dwell time (time between two data points) and SW  is the spectral win-
dow (Hz). Nowadays, when digital filters and oversampling are standard techniques of a 
modern NMR spectrometer, it is not compulsory to pay attention on these issues. How-
ever, oversampling is routinely used to improve dynamic range and S/N, and to flatten 
baseline. 
When the emitted signal is detected, it is sampled and converted with the analogue-
to-digital converter (ADC). The digitization process converts the voltage into a binary 
number proportional to the magnitude of the signal. The ADC has a limited dynamic 
range it can handle, and it gives the limit of the smallest signals that are measurable in 
the presence of large signal. The insufficient dynamic range can be the source of errors 
in case of impurities or biological samples in the presence of strong signals are to be 
quantified.9 It is defined by the resolution of ADC, and typical resolutions on a modern 
spectrometer are 16 or 18 bits. For 18-bit ADC the ratio between the smallest and largest 
detectable values is 1:262144, i.e. 1/218. This is also the dynamic range of the digitizer. 
When a quantitative spectrum is to be measured, one has to adjust receiver gain so that 
the largest signal in the FID fills the digitizer. If the receiver gain is set too high, satura-
tion of the receiver occurs, and attenuation or, in some cases, signal elimination can 
results. On a modern spectrometer, however, receiver gain setting can be done automati-
cally. 
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The acquisition time ( AQ ) is the length of time that is spent to sample the FID. It 
is related to spectral window and dwell time with expression 
 
2
TDAQ DW TD
SW
= × =
×
 (1.6) 
where TD  is the number of data points in time domain. For example, for proton spec-
troscopy, frequency differences of around 1 Hz are needed to separate, and thus a digital 
resolution ( DR ) less than 0.5 Hz is needed. The adequate acquisition time and time 
domain points can be calculated using the following expression 
 2 1SWDR
TD AQ
×
= = . (1.7) 
If required DR  is, e.g., 0.25 Hz/pt, and SW  around 5000 Hz, acquisition time will be 4 
seconds and time domain 40 000 points.  
High S/N is needed for accurate quantitative work, especially when dealing with 
small impurity levels. The higher the S/N is, the better the quantitative accuracy that can 
be achieved. S/N of a spectrum can be improved by three ways: (1) by increasing the 
concentration of the sample substance and its impurity, (2) by repeating the acquisition 
and summation of free induction decays, i.e., increasing the number of scans, or (3) by 
using larger sample volumes or more sensitive probe heads, for example cryogenically 
cooled ones. The concentration cannot be increased always since solubility of the sub-
stance can be limited. Then only way with instrument on hand, is to increase the number 
of scans to get the desired S/N. The needed amount is highly variable and case depen-
dant. The S/N is proportional to square root of the number of scans, in other words, to 
double to S/N it is necessary to acquire four-times as many scans. 
  
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
22 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
1.2. QNMR – from signal to concentration 
To obtain the absolute concentration of a compound in an NMR sample, the area of the 
signals must be determined and compared to the area of a reference that has known con-
centration. If the spectra are acquired in quantitative manner, the concentration can be 
calculated with ratio 
 yx x
y y x
Nn A
n A N
= × , (1.8) 
where n is the amount of substance, A is the area of an signal, and N is the number of the 
nuclei generating the corresponding resonance line. Indexes x and y correspond to un-
known and known substances, respectively. 
To calculate the percentual fraction of a compound in a sample, equation (1.8) can 
be written 
 
1 1
100%
x
x x
m m iii i
i
A
n N
An
N
=
=
= ×∑ ∑ . (1.9) 
For the purity determination of a substance, an internal standard, reference with 
known purity is needed. Then the purity Px (%) of the analyte is 
 ref refx xx ref
ref x ref
N mA MP P
A N M m
= × × × × , (1.10) 
where Mx and Mref are the molar masses of the analyte and the reference, respectively, m 
the weighed mass of the investigated sample, mref and Pref are the weighed mass and the 
purity of the reference and Nref and Aref correspond to the number of spins and the inte-
grated signal area of a NMR line of the reference. 
1.2.1. Processing parameters 
There exist several ways which can be used to improve the acquired data prior to Fouri-
er transformation. Depending on the desired result, resolution, S/N, and baseline flatness 
can be improved with appropriate mathematical functions. 
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The most common improvement that is done to the FID is noise reduction. In a rou-
tine spectrum, most of the signals have decayed to zero after a few seconds. Since usual-
ly the acquisition time is several seconds, the end of the FID contains only noise. This 
can be easily reduced if all the data points of FID are multiplied with a decaying expo-
nential function10 
 
t
a
EF e
−
= , (1.11) 
where a is positive time constant. The exponential function weights the tail of FID to-
wards to zero, and thus, increases the apparent decay rate of the NMR signal. This caus-
es lines to broaden by a factor of –1/πa (generally known as line broadening, lb, and 
expressed in Hz). Exponential multiplication is a compromise between resolution and 
S/N. The optimum between reducing noise and excessive line broadening is reached 
when the decay of the window function matches the natural decay of the NMR signal, 
which results in a doubling of the resonance line width.11 However, this cannot be ob-
tained always in proton spectroscopy, since it may result in excessive loss of resolution 
preventing the observation of two closely located signals, and thus, smaller line broa-
dening has to be applied. 
If resolution of the NMR spectrum is to be enhanced, the FID must be multiplied 
with a positive exponential function. However, this increases also noise of the spectrum, 
and instead of positive exponential function, a Lorentz-Gauss function10 
 
2t t
a b
GF e e
−
= ×  (1.12) 
is often used. The function is determined with two variables, the degree of line narrow-
ing, a (similarly to the equation (1.11)), and the point on the acquisition time at which 
the function reaches its maximum value, b. The choice of suitable values is usually done 
with trial-and-error method, and there can be different values for different peaks within 
a spectrum. In any case, some reduction in S/N will result, and thus, this cannot be used 
for spectra, if small resonances, e.g. signals from impurities, exist. It has been sug-
gested12 that the optimum resolution enhancement can be achieved with a reduction in 
line width ( ½νΔ ) by a factor of 0.66 for which the function maximum should occur at a 
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time of 
½
1
νΔ  seconds. For example, if a line has an assumed width of 0.6 Hz, it will re-
quire a line narrowing of 0.40 Hz and the maximum to occur after 1.52 seconds. When a 
typical acquisition time for a proton spectrum is four seconds, the function should have 
its maximum at a point of 0.38 of the total acquisition time. There are also other weight-
ing functions that retain quantitative information13, but validation is needed to ensure the 
accuracy of quantitative information. 
It is well known that by doubling the number of data points in the time-domain by 
appending zeros to the end of the FID, it is possible to increase the maximum S/N by a 
factor of the square root of two14, and to improve the frequency resolution in the spec-
trum15. This process is known as zero-filling. The reason for this resolution enhance-
ment arises from the fact that only half of the FID’s information is in use after the 
Fourier transformation, since the imaginary part of it is neglected. However, zero-filling 
does only interpolate data points and gives only cosmetic improvement in the resolution, 
since no new information is achieved. It was recently shown16 that zero-filling beyond 
' 2N N= , where N’ is the number of spectral points after zero-filling in units of N, does 
not lead to any further reduction in the standard deviation of the spectral integral. How-
ever, this holds only for small integral regions ( ' 'I N ), and when ' 'I N→ , the bene-
fit of zero-filling diminishes. Ebel et al.16 also demonstrated that combining the zero-
filling with strong exponential apodization, does not further improve the standard devia-
tion of the spectral integrals. Only when using mild apodization (0.2 Hz), there was a 
reduction in the standard deviations owing to zero-filling when compared to processing 
without zero-filling. 
Since the phase of the receiver does not necessarily match that of the magnetization 
vector, the spectrum requires a so-called phase correction after Fourier transformation. 
Phase of a spectrum is corrected by applying a zero-order phase correction and first-
order phase correction. In quantitative NMR, careful phasing is essential. Deviations 
from pure absorption mode line shapes will reduce the integrated area of a signal. All 
the NMR processing software include also automatic phasing, but, as Pauli17 has no-
ticed, manual phasing of spectra for quantitative analysis is still preferred. 
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Determination of signal area depends greatly on the baseline of a spectrum. In an 
ideal NMR spectrum, the baseline would be flat and set to zero, and area of an isolated 
signal could be determined easily. However, in a real world there exist several sources 
of baseline distortion.18 In a routine integration, a baseline is estimated by eye by draw-
ing a straight line from one end of a peak to the other end. However, as soon as the 
straight baseline does not represent the real baseline, there will be errors in the signal 
areas. There have been several attempts to make a better estimate of the baseline auto-
matically18-22, however, the automatic baseline methods are not yet in use in a routine 
quantitative analysis. 
1.2.2. Classical integration 
As pointed out in chapter 1.1.2, the area of an NMR signal is directly proportional 
to the nuclei corresponding to it. Determination of the signal area, integration, is a part 
of everyday NMR spectroscopy. All the processing software packages offer a tool that 
can do the job with accuracy that is adequate for structure elucidation. Classical integra-
tion is done by measuring the relative step heights from the step curve produced during 
the integration procedure (for example, see the red continuous line in the Figure 2, 
page 26). However, to be able to integrate the signals accurately, there are a few things 
to consider. 
Minor errors in integrated peak areas are caused by the noise in NMR spectrum, 
phasing errors, baseline approximation, and also, by careless adjustment of slope and 
bias correction on integrals.23-26 Major error to the precision of routine integration arises 
probably from the approximation caused by the parts of the peaks that are left outside of 
the integration range. In order to include 100% of the peak area, an integral would have 
to extend to infinity in either direction. Griffiths and Irving24 have studied the effect of 
integral width to the accuracy of area of Lorentzian peak. They concluded that 99.5 % of 
peak area is obtained if the integral extends 39 times the peak width. If errors less than 
0.1 % are desired, the integral width has to be 76 times the peak width in both direc-
tions. For example, in a routine 500 MHz NMR spectrum where the width of a signal is 
around 1 Hz, the integrated region should be 152 Hz (~0.30 ppm). If the signals are 
broad due to exchange reactions or inhomogeneous magnetic field (i.e. poor shimming), 
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integral widths must be even larger. Obviously, when studying complex mixtures or 
impurities related to the main compound, wide integrals cannot be used, and thus the use 
of classical integration should be limited to routine applications. Even though it sounds 
the classical integration is not a very accurate method for area determination, good re-
sults with only 0.5 % error in area have been achieved.1,26 
 
Figure 2. Different methods to determine peak areas. The black solid line represents the ob-
served spectrum where a triplet and a doublet of doublets are overlapping. The red curve is 
the step curve that is used in the classical integration. Areas of 98 and 102 for the triplet and 
doublet of doublets, respectively, were determined using the relative step heights of the step 
curve. However, the results are strongly dependent on the integral region. Its use should be 
limited to routine spectroscopy. Gray boxes are two bins from equidistant binning proce-
dure. For the triplet, area of 116, and for the doublet of doublets, area of 84, were acquired. 
This method gives the most inaccurate results, and its use should be avoided. The most ac-
curate results are obtained with deconvolution: the area of the triplet (green line) is 99.91 
and the area of the doublet of doublets (blue line) is 100.09. Deconvolution should be used 
if highly accurate results are required. 
1.2.3. Binning 
A procedure called binning (also known as bucketing) is a commonly used quantifica-
tion tool in NMR screening (for example, see the gray boxes in the Figure 2). Binning 
helps to eliminate artifacts by averaging small chemical shift perturbations arising from 
small variations in pH or other sample conditions and reduces the size of the data before 
chemometric analysis.27 The simplest way to do data reduction is to measure the height 
of NMR signals with equidistant intervals.28,29 Binning was further developed to use the 
area of individual segments instead of heights.30,31 For example, for a one-dimensional 
(1D) 1H NMR spectrum, which spans the range from 0 ppm to 10 ppm, a common bin 
length is 0.04 ppm. In this way, a typical 64 K point 1H spectrum is compressed to an 
equivalent representation with 250 data points. 
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Even though binning is a simple and very fast way to provide the data for chemo-
metric analysis, there are a few drawbacks. The bins maintain much of the information 
of the spectrum although the benefit of increasing resolution of spectra at higher mag-
netic fields is reduced substantially. Today’s computers are able to handle large data 
volumes, and thus data reduction at resolution’s cost should not be done. Since the bins 
have fixed limits, peaks moving on borders between buckets cause artifacts in the appli-
cation. In addition, handling of large variations in the background noise levels is prob-
lematic. Another artifact, especially for low-concentration compounds, may arise from 
cancellations in the bin when different points, which contribute to one bin, add and sub-
tract equal or similar intensities. In this case no or only a small overall effect is left in 
the bin. 
One approach to remove the problem arising from misaligned peaks, is to use vari-
able bin sizes as in non-equidistant binning32 and adaptive binning methods33. For ex-
ample, in non-equidistant binning method, bin edges are defined by determination of the 
smooth minima from average spectrum. However, the results of these variable bin size 
methods depend on user given parameters and the reference spectrum, and thus, optimi-
zation is required for every study. Just recently, De Meyer et al. presented Adaptive, 
Intelligent Binning (AI-Binning) algorithm, which was shown to outperform both stan-
dard binning method and the use of full resolution spectra in the subsequent classifica-
tion of hypertension from normotension.34 However, data reduction can be done by 
much more sophisticated methods than bucketing. One of such methods is deconvolu-
tion and it is discussed in the next chapter. 
1.2.4. Deconvolution 
Area determination of overlapping peaks cannot be done accurately using routine inte-
gration or bucketing, and thus line-fitting or, more commonly, deconvolution is used 
(for example, see the green and blue lines in the Figure 2). In deconvolution, a peak (or 
peaks) is fitted to observed spectrum using a least-squares-based method. The peak pa-
rameters that are needed to describe an NMR signal are frequency, width, intensity, and 
phase. Initial values for line-fitting analysis (frequency, width, height, and line shape of 
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
28 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
a signal) can be obtained either from database that contains model spectra of the com-
pounds or by performing a peak picking procedure. 
Methods using database to obtain initial values for fitting, utilize all the same prin-
ciple: database contains experimental spectra (model spectra) of pure individual compo-
nents recorded with certain parameters, and the observed spectrum of mixture is recon-
structed as a linear sum from the model spectra. Some of the best known programs are 
for example Chenomx NMR Suite35-37, LCModel38-40 and Bruker AMIX41. The spectral 
parameters that can be fitted depend on the software. However, a common problem with 
these model-based approaches is the inflexibility in the models: no variation is allowed 
in the peaks of a model compound spectrum and, thus, independent positional uncertain-
ty in signals or different response factors (e.g. due to different relaxation times) of nuclei 
may cause errors to quantification.37 
Other applications that fit model spectra to observed spectrum, are, for example, 
weighted least-squares deconvolution method42 and a method based on linear least-
squares fitting using singular value decomposition (SVD)43. Recently published method, 
DemixC44, uses TOCSY (total-correlation spectroscopy) combined with covariance 
NMR to deconvolute the spectra to its components, and thus, allows quantification of 
overlapping signals. 
If model-based approach is unsuitable, deconvolution can be done by simply adding 
peaks to the spectrum and fitting the parameters of each individual signal. The basic 
deconvolution is available commonly in standard processing software. However, pro-
grams for advanced deconvolution that allow simultaneous fitting of tens or even hun-
dreds of signals, their individual frequency, intensity, width, and line shape, and also, 
include prior knowledge to constrain the fitting, are scarce. A reason for that might be 
the nonlinear nature of fitting and tendency to diverge easily. One of the advanced de-
convolution programs is TLS45 that is included in the PERCH NMR software package46. 
1.2.5. Quantitative 2D NMR spectroscopy 
Quantitative 1D NMR spectroscopy of complex mixtures is usually hindered due to 
severe overlap of signals. This can be circumvented with higher magnetic fields, when 
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the resolution of spectrum increases, or by expanding the proton spectrum to another 
dimension, running a two-dimensional experiment. However, complex NMR experi-
ments, such as many two-dimensional (2D) experiments, are not quantitative owing to 
number of factors influencing the peak areas. 
Quantitativity of conventional HSQC experiment is hampered mainly due to a 
strong dependence between polarization transfer delay and signal intensity. The polari-
zation transfer delay is defined as Δ=1/(21JCH), and thus, the signal intensity is propor-
tional to selected one-bond coupling constant. Heikkinen and co-workers have proposed 
an approach to record a quantitative 1H–13C correlation spectrum (Q-HSQC) using mod-
ulation of the polarization transfer delays.47 They showed that it is possible to remove 
1JCH-dependency by recording the spectra with suitably selected polarization transfer 
delays. In their work, Heikkinen et al. used four values for polarization transfer and 
were able to reduce theoretical 1JCH-dependent signal intensity variation over natural 
1JCH-range of 115–220 Hz to ±2 %. They also pointed out that other effects to signal 
intensity, homonuclear coupling and T2-relaxation, can be taken into account with suita-
ble correction. The reliability of the Q-HSQC method was found to be comparable to 
that of quantitative 1D 1H and 13C methods. 
Koskela and co-workers have presented an improvement to Q-HSQC method.48 In 
their method, quantitative CPMG-adjusted heteronuclear single quantum coherence, 
problems due to homonuclear coupling evolution are suppressed by replacing the con-
stant-time polarization transfer steps with constant-time CPMG-INEPT sequences. In 
addition, Koskela et al. noticed that integrals of correlation signals are dependent on 
carbon resonance offset. They proposed that the offset dependency could be taken into 
account by either multiplying each integration result with experimentally derived correc-
tion factor or replacing 90-degree rectangle pulses by composite pulses that have a good 
offset compensation. 
Another improvement to Q-HSQC, Quick, Quantitative HSQC, was resented by Pe-
terson and Loening.49 In their methodology, slice-selective adiabatic sweep pulses, 
which allow different parts of the sample to evolve differently during the INEPT trans-
fer steps, are used for polarization transfer. With this approach, a four-fold reduction in 
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experiment time compared to Q-HSQC method is obtained while retaining the quantita-
tivity of Q-HSQC. 
A slightly different approach to get metabolite concentrations from quantitative 1H-
13C HSQC was presented by Lewis et al.50 In their method, Fast Metabolite Quantifica-
tion by NMR, concentrations of individual metabolites are obtained by comparing refer-
ence HSQC spectra of pure metabolites to that of metabolite mixture. They showed that 
for their method, average accuracy of 0.6 mM (2.7 %) was attainable, while accuracy of 
quantitative 1D 1H NMR was shown to be only 3.5 mM (16.2 %). 
Zhang and Gellerstedt have proposed a robust 2D HSQC based protocol for quan-
titative structural determination of complicated polymers.51 They claimed that it is poss-
ible to eliminate all errors from resonance offsets, homonuclear couplings, heteronuclear 
coupling constant deviations and transverse relaxations, if carefully selected secondary 
reference signals are used. However, their protocol requires that the substrate signal to 
be determined and the selected secondary internal standard reference should originate 
from the same type of polymer, have similar structural features, contain the same num-
ber of directly bound proton(s), have similar 13C chemical shift and 1JCH values. If mul-
tiple different compounds are to be quantified, also multiple reference compounds are 
needed. In addition, the selected secondary references must be first quantified using 
conventional quantitative 1D 1H and 13C spectra. 
Also different homonuclear 2D experiments have been used to obtain quantitative 
information from complex sample mixtures. For example, Massou et al.52 have used 2D 
ZQF-TOCSY to determine 13C-enrichments in complex mixtures of 13C-labelled meta-
bolites, and Giraudeau et al.53 have studied the quantitative accuracy of 2D J-resolved 
and DQF-COSY spectra. Giraudeau and co-workers showed that accuracy of 3 % for J-
resolved spectroscopy and 2 % for DQF-COSY could be obtained. Recently, Van et al. 
used 2D TOCSY to study the metabolic profile of urine obtained from wild-type and 
Abcc6-knockout mice.54 
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1.3. Referencing 
QNMR spectroscopy is a primary ratio method55,56, and therefore it is possible to per-
form quantitative analyses without analytes standards: the quantitative determination is 
normally obtained from the ratio between the integration of a specific signal of the ana-
lyte and the integration of a specific signal of the standard compound. The standard 
compound can be internal or external. When using an internal standard, the standard 
compound is added directly to the sample, and when using an external standard, the 
standard compound is located in a concentric capillary tube. There are a few require-
ments for the standard compounds that must be fulfilled: it must be available in highly 
pure form, stable, non-volatile, weighable, soluble, and inert. Its NMR spectrum must be 
simple and not overlapping with NMR spectrum of analyte. These requirements limit 
the amount of suitable molecules, and thus, it is common to propose different reference 
compounds for each new application. 
The term validation is defined by the international norm DIN EN ISO/IEC 17025 as 
the “confirmation by examination and the provision of objective evidence that the par-
ticular requirements for a specific intended use are fulfilled”57. Also, according ICH 
Guideline Q2(R1) the objective of validation is to prove that procedure is suitable for its 
intended purpose. The validation requires testing of accuracy, precision, specificity, 
limits of detection and quantification, linearity, and range.58 
1.3.1. Internal standards 
The most widely used internal standards in NMR spectroscopy are tetramethylsilane 
(TMS) in organic solvents, and 3-(trimethylsilyl)propionic acid-d4 sodium salt (TSP) 
and 3-(trimethylsilyl)-1-propanesulfonic acid-d6 sodium salt (DSS) in aqueous samples. 
These compounds are usually used as a chemical shift references, and the proton chemi-
cal shift of those is set to 0 ppm. There are also cases, where TSP is used as an internal 
concentration reference.59-63 However, it is not suitable concentration reference for bio-
logical samples due to its known interactions with proteins.64 
One very widely used internal standard in quantitative NMR spectroscopy is 
(Z)-2-butenedioic acid (maleic acid, Figure 3 I, page 33). It has been used in a number 
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of quantitative qHNMR studies involving analytical standards65, herbicides66, antibiotic 
drugs in authentic pharmaceutical and urine samples67-69, herbal drugs70, catechola-
mines71, muscle relaxants72, antidepressants73, and phytopharmaceuticals74. Maleic acid 
has a sharp singlet approximately at 6.5 ppm (solvent dependent) which can be used as 
quantitative reference. It is available in highly pure form and it is soluble to several sol-
vents.75 However, although maleic acid is stable in DMSO solution, it is not chemically 
inert because of the reactive double bond and because of the free carboxyl functions, 
which usually broadens signals of exchangeable protons (such as the residual water sig-
nal).76 Other similar compounds that have been used as an internal standard include 
formic acid (Figure 3 II) in blood plasma metabolite quantification64 and sodium acetate 
(Figure 3 III) in purity determination of agrochemicals77. Wells et al. have found that 
dimethyl sulfone (Figure 3 IV) is a very suitable internal reference for the purity as-
sessment of technical grade agrochemicals.78 However, moisture sensitivity of dimethyl 
sulfone is not clear.17 Naqvi et al. have used 1,4-dioxane (Figure 3 V) as a reference 
compound in alkaloid analysis79, but its possible volatility must be taken into account 
when using it as a reference substance17. Other non-aromatic compounds that have not 
been used widely in QNMR include N,N-dimethylformamide (Figure 3 VI) in the analy-
sis of spices80, 2,5-dimethylfurane (Figure 3 VII) as a traceless reference compound in 
quantitative experiments of unknown samples81, and hexamethyldisiloxane (Figure 
3 VIII) in the quantification of chemical libraries82. Cavaluzzi et al. used As,As-dimethyl 
arsinic acid (cacodylic acid, Figure 3 IX) for standardization of TSP solution in determi-
nation of nucleotide concentrations accurately.83 
Berregi et al. have found that 1,3,5-benzenetricarboxylic acid (Figure 3 X) is a suit-
able internal reference compound for quantifying of phenolic compounds84,85 and formic 
acid86 from apple juices. It gives a clear and strong singlet at 8.5 – 8.8 ppm and is readi-
ly soluble in lightly alkaline water solution. Also, other trisubstituted benzenes have 
been used as an internal standard. Choi et al.87 have used benzene-1,3,5-triol (phloroglu-
cinol, Figure 3 XI), but Li et al.88 noticed that it degraded during the analysis of Ginkgo 
terpene trilactones and flavonol glycosides, and thus 1,3,5-trimethoxybenzene (Figure 
3 XII) was chosen to replace phloroglucinol. Even though the previously presented aro-
matic compounds have suitable spectrum for quantitative reference, one problem is 
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aromatic π-stacking that might influence on the accuracy of quantification.17 A similar 
problem can exist also with anthracene (Figure 3 XIII), which has been used as a refer-
ence compound in the analysis of retinol and retinol palmitate in vitamin tablets89 and in 
the quantification of cannabinoids present in Cannabis sativa plant material90. Other 
aromatic compounds that have been used as a reference compound include dimethyl 
isophthalate (Figure 3 XIV) and 2,3,5,6-tetramethylpyrazine (Figure 3 XV) in quantifi-
cation of agrochemicals91, and 2-[2,3-dichloro-4-(2-methylene-1-oxobutyl)phenoxy]-
acetic acid (ethacrynic acid, Figure 3 XVI) in natural product analysis1.  
Figure 3. I (Z)-2-butenedioic acid (maleic acid), II formic acid, III sodium acetate, 
IV dimethyl sulfone, V 1,4-dioxane, VI N,N-dimethylformamide, VII 2,5-dimethylfurane, 
VIII hexamethyldisiloxane, IX As,As-dimethylarsinic acid, X 1,3,5-benzenetricarboxylic 
acid, XI benzene-1,3,5-triol, XII 1,3,5-trimethoxybenzene, XIII anthracene, XIV dimethyl 
isophthalate, XV 2,3,5,6-tetramethylpyrazine, XVI 2-[2,3-Dichloro-4-(2-methylene-1-
oxobutyl)phenoxy]acetic acid. 
O
OH
O
OH
 
H
O
OH  
O
O Na
+
 
S
O
O  
I II III IV 
O
O
 
H N
O
 
O Si
O
Si
 
V VI VII VIII 
As
OH
O
 
O
OH O
OH
OOH
 
OH OH
OH
O
OO
 
IX X XI XII 
 
O
OO
O
N
N
 O
OH
O
Cl
Cl O
 
XIII XIV XV XVI 
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
34 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
Sample concentrations in NMR spectroscopy can also be determined without an 
internal reference compound. In 1999 Akoka et al.92 proposed an alternative to internal 
reference based on a calibrated reference signal, which is not a real NMR line, but an 
NMR-like, electronically produced signal. The approach applied the ERETIC method 
(Electronic REference To access In vivo Concentrations), and it was proven that 
ERETIC has same or better precision and accuracy than that obtained with an internal 
reference. Also, when using ERETIC, sample remains uncontaminated and sample 
preparation remains very simple since no additional substance is needed. In addition, 
reference signal does not overlap with signals of analyte, because ERETIC parameters 
can be chosen freely. The method PULCON (PUlse Length based CONcentration 
determination) was developed to measure protein concentrations in the NMR tube by 
NMR spectroscopy without adding any reference compound, but it was shown to be 
suitable also for small molecules.93 It correlates the absolute intensities in two NMR 
spectra by the measurement of a precise 360° radio frequency pulse, and the 
concentration can be determined using an external reference sample. 
1.3.2. External standards 
External reference capillaries are used mainly in biological studies and in analyses 
where analyte contamination must be avoided. The external reference solution contained 
in a coaxial capillary needs to be previously calibrated against solutions of known con-
centration compounds but has several advantages: 
(i) one single calibrated capillary can serve for any number of samples 
(ii) the external reference is dissolved in a deuterated solvent, which also 
provides the field/frequency lock for the spectrometer; and the addition 
of paramagnetic relaxation agent shortens the T1 of the reference  
(iii) there is no contamination of the sample, which is available for analysis 
by a subsequent alternative technique 
(iv) the external reference can be used for analysis of any biofluid without 
problems of protein-binding or chemical-exchange phenomena. 
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Even though the external reference is used frequently in 31P and 19F NMR spectros-
copy94, there are also some applications for proton NMR. In principle, all the same ref-
erence compounds, which are used as an internal reference, can be used as an external 
reference. Probably the most used external reference compound, at least in biological 
applications, is 3-(trimethylsilyl)propionic acid-d4 sodium salt (TSP). It is used, for ex-
ample, in quantification of peptides75, calcium, magnesium and sodium in human se-
rum95, glycine and taurine conjugated bile acids in human bile96, N-
(phosphonomethyl)glycine in human serum97, methanol in serum98, lipoproteins99, and 
metabolites in pig blood plasma during bioartificial liver treatment100, in human se-
rum101,102, and in whole cells and extracts103. One another compound that has been used 
as an external reference is hexamethyldisiloxane. Valverde and This used it in a sealed 
capillary tube as an external reference compound for absolute concentration determina-
tion of chlorophylls, their derivatives, and carotenoids from fresh and frozen green 
beans.104 
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1.4. Validation 
1.4.1. Accuracy and precision  
The International Conference on Harmonisation of Technical Requirements for Regis-
tration of Pharmaceuticals for Human Use (ICH) Guideline defines that accuracy ex-
presses the closeness of agreement between the true value and the value found. In the 
guidelines, it is recommended that a minimum of 9 determinations over a minimum of 
three concentration levels are used to assess the accuracy. Accuracy should be reported 
either as percent recovery by the assay of known amount of analyte in the sample or as 
the difference between the obtained and true value together with the confidence inter-
vals. Typical accuracy of the recovery of the drug substance in the mixture is expected 
to be 98 – 102 %.105 The precision is used to describe the scatter between a series of 
measurements obtained from multiple sampling of the same sample under the similar 
conditions. 
Malz and Jancke106 have examined the accuracy of quantitative NMR according to 
GUM107 and EURACHEM108 guidelines, and found out that for NMR quantification of 
three model mixtures a measurement uncertainty of less than 1.5 % was obtained. Beki-
roglu et al.109 obtained comparable results when they validated a quantitative NMR me-
thod for determination of benzethonium chloride in grapefruit seed extracts. An average 
recovery (i.e. accuracy) of 100.1 % with standard deviation (i.e. precision) of 1.0 % was 
obtained. 
Maniara et al.65 use the expression (1.13) to explore the experimental accuracy. 
 2 2accuracy p b= +  (1.13) 
where p is precision expressed as relative standard deviation of replicate quantitative 
measurements and b is the bias, i.e. the difference between NMR value and the true 
value from an independent source. The calculated accuracy for proton quantitative NMR 
was 0.2 (precision was 0.21 % with n = 48, and bias was 0.0958 %), and for 31P quantit-
ative NMR the accuracy was 0.7 (p = 0.65 % with n = 24, and b = 0.3 %). They con-
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clude that experimental precision of 0.5 % is achievable with quantitative NMR when 
the sample concentration is over 20 mM for 1H QNMR. 
Pinciroli et al.110 were able to show that with highly pure compounds, proton NMR 
gives results comparable with those obtained with conventional characterization. The 
relative standard deviations for quantification were always below 0.5%. These results 
were obtained using even lower concentration (between 5 and 10 mM) than Maniara et 
al.65, and they concluded that very high accuracy and precision may be obtained with 
quantitative NMR method. 
Wells et al.78 were able to obtain even more convincing results in their study. The 
overall standard deviation, when using internal standard method, was as low as 0.36 %. 
Finally, they state that quantitative NMR analysis of agrochemicals was both more accu-
rate and more precise than analysis done with standard HPLC method. 
1.4.2. Robustness 
Robustness is a measure of methods capacity to remain unaffected by variations in the 
analytical procedure parameters. It is an indication of its reliability during conventional 
use. In quantitative NMR applications, there are multiple acquisition and processing 
parameters that can affect the outcome of quantification. Malz and Jahnke106 have done 
thorough work in their study and tested the robustness of quantitative NMR method. 
They divided the examined parameters to three categories according to their influence 
on precision when parameters were varied within a reasonable range: (i) no significant 
influence (robust), (ii) significant influence on the S/N, and (iii) systematic change of 
correct signal intensity.106 They found out that parameters that have no significant influ-
ence on the results include pulse power, preacquisition delay, receiver gain, sample 
temperature, zero-filling, and number of frequency points. Their influence on the devia-
tion to the gravimetric reference value and uncertainty were less than 1 %.  
The parameters that had a significant influence on the S/N were pulse flip angle, the 
number of scans, and the line broadening. After a detailed investigation, Malz and 
Jahnke could determine that a S/N of at least 150 was required for the target uncertainty 
of 1 %.106 Maniara et al.65 came to conclusion that S/N of 200 was required to obtain 
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accurate results. However, even lower signal-to-noise ratio can be used as Caligiani et 
al.111 showed. They used S/N of 10, which is also the minimum S/N recommended by 
ICH58, as a limit in their quantitative method. However, it is a relatively easy way to 
improve the S/N by increasing the number of scans or increasing the line broadening. 
The parameters that effected on signal intensities included acquisition time, relaxa-
tion delay, and frequency-dependent phase angle (first order phase angle). The acquisi-
tion parameters have obvious effect on the signal, and thus a care must be taken when 
determining appropriate acquisition time and relaxation delay (see chapter 1.1.3). In 
their study, Malz and Jahnke found that phasing routine has also a large effect on quan-
titative accuracy,106 and even though automatic phasing routines exist, also Pauli1,17 
stated that careful manual phasing is required to obtain accurate results.  
1.4.3. Linearity 
ICH defines the linearity as the ability to obtain results which are directly proportional 
to the amount of analyte in the sample.58 Usually, linearity is tested using a dilution se-
ries of standard stock solution to avoid weighing errors.105 The linearity is estimated by 
appropriate statistical method, e.g. calculation of a regression line. With a modern NMR 
instrumentation, linearity has never been an issue, as many research groups have 
found.59,88,90,106,112 They all have obtained a correlation coefficient for linear regression 
always ≥0.999, and have stated that quantitative NMR is a linear method. 
1.4.4. Specificity and selectivity 
Specificity means the ability to measure unambiguously the analyte of interest in pres-
ence of other components.105 In QNMR that means unequivocal assignment of all the 
peaks, which belong to the analyte and impurities that are or may be present. Accurate 
results can be obtained with careful selection of resonances whose area is to be deter-
mined. When using traditional integration for area determination, the analyte should be 
free from overlapping impurity resonances. A common way to assess specificity is to 
run spectra of high purity analyte and analyte spiked with its impurities as also Micha-
leas et al.113 did. Also, 2D methods, like COSY, HSQC, and HMBC, can be used to 
reveal possible hidden, overlapping signals.66 However, overlapping signal areas can be 
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determined by applying line-fitting (cf. chapter 1.2.4) and resolution enhancement tech-
niques.1 One can also circumvent signal overlap by increasing magnetic field strength or 
by changing the solvent. 
1.4.5. Limits of detection and quantification 
The concept of limits of detection and quantification are not applicable in a strict sense 
to QNMR spectroscopy. Experimental parameters can always be adjusted in such man-
ner that an adequate S/N for detection and quantification of any component is achieved, 
if the analyte is well-soluble and the amount of material is not limited. Also, the limits 
are functions of the magnetic field and, also, the shape and the sharpness of the peaks, as 
well as the coupling pattern of a signal. The higher the resolution of the spectrum, the 
lower the limits of detection and quantification are. If the limits are needed for valida-
tion, they can be determined using multiple approaches. For example, in enantiomeric 
purity assessment of active pharmaceutical ingredients, a limit of quantification was 
approximated to be less than 1 % of minor component114, and in herbicide minor com-
ponent, a limit of detection (LOD) of 0.22 % was obtained65. Deubner and Holzgrabe 
showed that 0.2 % of Z-fluvoxamine, enantiomeric impurity of E-fluvoxamine, from 
15 mg of analyte can be determined. 
LOD can be determined in many ways, for example, based on visual estimation, on 
S/N, or on the standard deviation of the response and the slope.58 The widely spread 
definition of LOD is, as stated also in Taverniers et al.115, that it is “the lowest amount of 
an analyte in a sample which can be detected but not necessarily quantified as an exact 
value”. The limit of detection of QNMR applications depends on the sensitivity of NMR 
instrument: using higher magnetic field and modern probe, the LOD decreases dramati-
cally.116 The LOD can be determined from a measured spectrum by applying expression 
(1.14) 
 3.3LOD
S
σ
=  (1.14) 
where σ is the standard deviation of y-intercepts of the regression lines and S is the 
slope of the calibration curve.58 In S/N based definition, the LOD is set as three times 
the baseline noise compared to lowest reliably detected signal.58,117  
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ICH defines that LOQ is the lowest amount of analyte that can be determined quan-
titatively with adequate precision and accuracy.58 As LOD, also the limit of quantifica-
tion (LOQ) can be determined in many ways. The LOQ can be determined from a meas-
ured spectrum by applying equation (1.15) 
 10LOQ
S
σ
=  (1.15) 
in analogous to LOD determination (1.14).58 In S/N based definition, the LOQ is set as 
ten times the baseline noise compared to lowest reliably quantifiable signal. In 2005, we 
were able to show that impurity levels below 0.1 mol-% can be quantified reliably from 
a 13C decoupled 1H NMR spectrum.Paper II 
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1.5. Chemical and pharmaceutical applications 
1.5.1. Drug analysis 
Quantitative NMR spectroscopy has a long history in the analysis of pharmaceutical 
products. Turczan and co-workers have published several analyses of drugs and phar-
maceuticals between the years 1967 and 1989, including meprobamate tablets with ma-
lonic acid as internal standard118, sulfonamides119, chloral hydrate in soft gelatin cap-
sules120, pentylenetetrazol in tablet and injection dosage forms121, theophylline and ethy-
lenediamine in aminophylline tablets122, trimethadione in its various pharmaceutical 
dosage forms123, methenamine and methenamine mandelate in tablets124, methsuximide 
and phensuximide in pure form and in capsules125, acetazolamide in the presence of its 
hydrolysis products in tablets and injection dosage forms126, amantadine hydrochloride 
in soft gelatin capsules and syrup preparations127, carbromal and bromural in tablets128, 
amyl nitrite as a drug entity and in inhalant dosage forms129, sulfamethoxazole and tri-
methoprim as a mixture in tablets130, amygdalin in tablets131, busulfan in tablets132, 
mechlorethamine hydrochloride for injection in commercial unit doses133, pipobroman in 
commercial tablets134, and haloperiodol in commercial tablets135. Aboul-Enein and co-
workers have also published several quantitative determinations of drug compounds 
from different pharmaceutical formulations in late seventies and early eighties, includ-
ing antazoline136, clofibrate137, methimazole138, furosemide139, tolazoline140, carbamaze-
pine141, nalidixic acid142, and Vitamins B1 and B6143. The third group, who has published 
several qHNMR protocols for drugs in the late eighties and early nineties, is the group 
of Hanna and co-workers. They have analyzed, for example, dicycloamine144, pheny-
toin145, carbachol146, metoclopramide147, chlorpheniramine maleate148, ephedrine, pseu-
doephedrine, and norephedrine in mixtures149, and diatrizoate150 from different dosage 
forms using qHNMR. The common accuracy for all the three groups has been around 
±2 %. 
Warren and co-workers have showed already in 1978 that 0.18 % precision is 
achievable when they proposed a qHNMR protocol for determination of cephalexin in 
cephradine.151 In 1983 Fekety and Medwick proposed a qHNMR method to determine 
ethchlorvynol in capsules, and pointed out already then that NMR method yields precise 
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results and agree well with results of the more cumbersome conventional procedure.152 
An interesting approach to quantify impurities in pharmaceutical samples was presented 
by Chernyshev et al.153, but the proposed method has not spread to wide use. They de-
termined the antibiotic G-52 concentration in sizomycin using difference proton NMR 
spectroscopy, where the concentration of a compound is obtained by comparing visually 
and scaling the corresponding reference spectrum with known concentration to spectrum 
containing an unknown amount of the compound. 
Göğer et al. have proposed a method for the assay of azathioprine.154 In their work, 
a simple extraction method and qHNMR to quantify the azathioprine in tablets was 
used. They also pointed out that NMR method is superior to HPLC method with respect 
to selectivity, speed and simplicity. Choi and co-workers have developed a simple, accu-
rate and precise method for quantification of free retinol and its esters from vitamin A 
tablets using a simple extraction protocol and qHNMR spectroscopy.89 A simple and 
accurate qHNMR method for quantitative determination of enalapril malate in tablets 
was presented by Zoppi et al.155 Salem et al. developed simple, precise and selective 
NMR methods were developed for determining levofloxacin and rifampicin in pharma-
ceutical samples using maleic acid as internal standard, and recommended the developed 
methods as pharmacopeial standard methods.67 The same authors have also developed 
methods for determining miconazole, metronidazole and sulfamethoxazole in authentic, 
pharmaceutical dosage samples.68 Recently, Trefi et al. used QNMR to study 16 com-
mercial formulations of ciprofloxacin tablets. They were able to quantify the impurities 
down to 0.2 mol-% level routinely, and it was shown that the impurity profile and con-
tent were different in the various formulations.156 
Enantiomeric and isomeric purity of pharmaceutical samples has been also studied 
by qHNMR methods. Already in 1988 Aboul-Enein presented examples of optical puri-
ty determinations of several pharmaceuticals using qHNMR and lanthanide shift rea-
gents.157 After that, Hanna and co-workers have published several protocols using 
qHNMR and lanthanide shift reagents for assessing enantiomeric purity of pharmaceuti-
cals, including tramadol hydrochloride158, indacrinone159, threo-methylphenidate hy-
drochloride160,161, timolol maleate162, and ibuprofen163. Later, Hanna et al. have used 
chiral solvating agent, (S)-(+)-2,2,2-trifluoro-1-(9-anthryl)ethanol, to separate the me-
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thine protons of (S)-(+)- and (R)-(–)-prilocaine164, and the methyl protons of (S)-(–)- and 
(R)-(+)-propranolol165 for enantiomeric purity determination by proton NMR spectros-
copy. Salsbury and Isbester presented a qHNMR protocol utilizing (R) or (S)-1,1’-bi-2-
naphthyl for determination of enantiomeric purity of chiral amine drug substances, fen-
fluramine hydrochloride, sertraline hydrochloride, and paroxetine hydrochloride.114 
Deubner and Holzgrabe have described and validated a qHNMR protocol for E/Z isomer 
ratio determination of fluvoxamine.166 In 2005, we proposed a method to quantify low-
level impurities using 13C decoupled 1H NMR spectroscopy and constrained total-line-
shape fitting.Paper II We were able to quantify 0.05 mol-% Z-entacapone from E-
entacapone sample. 
1.5.2. Synthetic chemistry and impurity analysis 
Traditionally, small molecular weight impurities are quantified using chromatographic 
methods, but within last decade, several NMR papers have been published. The first 
publication presenting a systematic validation of qHNMR was the paper by Maniara and 
co-workers in 1998. They showed the full potential of quantitative NMR spectroscopy, 
and found the method to be suitable and valid for the characterization of analytical stan-
dards and other chemical materials.65 After the initial work of Maniara, also other 
groups have published qHNMR protocols. 
In 2002, Forshed and co-workers presented a Bayesian regularized neural networks 
based quantification of impurities. They used 4-aminophenol as an impurity in parace-
tamol (N-(4-hydroxyphenyl)acetamide) and were able to demonstrate the method’s 
ability to quantify impurities in ppm range. The mean error was only around 30 ppm of 
weight of 4-aminophenol per weight paracetamol.167 Wells et al. determined the purity 
of and impurities in 2,4-dichlorophenoxyacetic acid and sodium 2,2-dichloropropionate 
using dimethyl sulfone as an internal reference for absolute quantification. They stated 
that QNMR is more precise and accurate than the chromatographic methods.78 In their 
qHNMR impurity analysis of glyphosate (N-(phosphonomethyl)glycine) and profenofos 
(O-(4-bromo-2-chlorophenyl)-O-ethyl-S-propyl phosphorothioate), Al-Deen and co-
workers were able to determine purity of the compounds with a standard deviation of 
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0.24 %. They were also able to quantify and identify the low-level (<0.2 %) impurities 
present in the sample.77  
In 2004, Pinciroli et al. suggested quantitative NMR should be used routinely to 
characterize synthetic molecules. The protocol they proposed includes weighing of stu-
died compound and precise solvent delivery. With these steps, quantitative purity or 
strength of generic synthetic small molecules could be determined rapidly and relia-
bly.110 Jones and co-workers have presented a web-based protocol for identification of 
residual solvents in the NMR data. They also propose that once the solvent is recog-
nized, quantification by proton NMR spectroscopy and routine integration can be used 
to calculate the purity of, for example, drug substances.168 
Forshed et al. have also used qHNMR for impurity quantification from poloxamers 
(synthetic copolymers of ethylene oxide and propylene oxide). With their protocol, ace-
taldehyde and propionaldehyde in poloxamer could be quantified in less than five mi-
nutes with a relative standard deviation of 2.8 %, and LOD less than 20 µg/g was 
achieved.117 A reliable quantitative analysis method by utilizing 1H NMR spectroscopy 
to determine the residual sodium acetate content in purified poly(vinyl alcohol) was 
published by Shin et al.169 Sigfridsson et al. used qHNMR to determine and identify the 
degradation product of (2R)-(3-amino-2-fluoropropyl)sulphinic acid.170 
Very recently, Chen et al. used qHNMR to determine the impurity profile of ben-
zoic acid subtracted from cranberry juice fractions using countercurrent chromatogra-
phy, and to confirm the selectivity of the subtraction method. qHNMR method allowed 
also specific quantification and identification of unanticipated compound, scopolamine 
that was present in the countercurrent chromatography fractions of cranberry juice. 
Again, the suitability of qHNMR to simultaneously identify and quantify the impurities 
present in the samples was emphasized.171 
The accurate quantities of compounds in chemical library stock solutions are re-
quired for reliable evaluation of pharmacological activity, and thus efficient, specific 
and reliable quantification methods are needed. One promising way to quantify the 
compounds in the stock solutions is the use of qHNMR. In 2001 Pinciroli et al. showed 
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that precision and accuracy of 2 % is achievable when a proper internal reference is used 
in qHNMR quantification of library compounds.76 The usefulness of qualitative and 
quantitative nature of NMR in solid-phase synthesis of benzimidazole libraries was hig-
hlighted by Vourloumis et al.172 Also Yan et al. studied the possibilities of qHNMR in 
quantification of chemical library compounds. Even though fair results were obtained, 
they recommend that the method should be used with caution, since signals of some 
impurities may overlap with signals of the product, and thus remain undetected.173 Final-
ly, the applicability of qHNMR to combinatorial chemistry was reviewed by Rizzo and 
Pinciroli, and they proposed that qHNMR suits extremely well for the characterization 
of chemical libraries, and also, for the validation of other novel methods developed for 
rapid quantification.174 
Even though gasoline and diesel oil are analyzed mainly using 13C NMR spectros-
copy, there are some applications where quantitative proton NMR spectroscopy is used. 
The first analyses utilizing 1H NMR were published in the sixties, but one of the earliest 
papers using modern NMR spectrometer giving detailed structures of structural groups 
and quantitative analysis of the selected components is the paper by Meusinger pub-
lished in 1996. Meusinger was able to quantify, for example, methyl tert-butyl ether 
(MTBE) accurately (R=0.996 when compared to MTBE levels obtained by capillary gas 
chromatography) and methanol down to 0.01 wt-% level. Also, the calculated octane 
number of different gasoline samples using the peak areas of several structural groups 
was shown to correlate well to those determined by conventional methods.175 
In 1999, Meusinger proposed a protocol for oxygenate determination from gasoline 
samples using 13C decoupled 1H NMR spectroscopy. He was able to quantify nine dif-
ferent oxygenous compounds (methanol, ethanol, n-propanol, iso-propanol, n-butanol, 
2-butanol, tert-butanol, MTBE and tert-amyl methyl ether) accurately from the sam-
ples.176 For diesel oil, an application where eighteen integrated regions of 1H NMR spec-
trum were used to estimate various properties (e.g. density, viscosity, cetane number, 
and cetane index) of a diesel oil sample was published by Kapur et al. in 2001.177 Even 
though the proposed method had good statistics, its use is limited to similar type of di-
esel oil samples and needs tuning of the models with different types of samples. Direct, 
fast, and reliable 1H NMR methods (compared to long and tedious GC and MS methods) 
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for determination of paraffins, olefins, naphthenes, and aromatics were proposed by 
Kapur et al.178 and Sarpal et al179. 
In 2003, Singh et al. suggested that NMR should be used together with gas-
chromatography to obtain comprehensive picture of benzene and total aromatics in ga-
solines.180 After that, it was shown in the case of determination of total aromatics in 
aviation turbine fuels that simple NMR technique is fast, reliable, and less time-
consuming compared to the commonly used liquid-chromatography based methods.181 
Very recently, different techniques for oxygenate determination in gasoline were com-
pared, and it was concluded that NMR is reliable, convenient, and rapid when compared 
to standard methods.182 
Quantitative proton NMR spectroscopy is not limited only to small molecular 
weight compounds. Indeed, there are several applications where the structures and prop-
erties of macromolecules, especially polymers, are studied using qHNMR. One of the 
studied polymers is starch. In 1995 de Graaf et al. proposed a qHNMR protocol for the 
determination of the molar substitution of acetylated and hydroxypropylated starches.183 
The molar substitution was determined using the ratio of the signal of substituent group 
to an internal standard, either anomeric proton signal of starch or added acetic acid or 
tert-butanol signals. The determined molar substitutions were in a good agreement with 
those obtained by traditional analysis methods. A technique for determination of the 
degree of branching in starch with proton NMR spectroscopy was proposed in 1996 by 
Nilsson et al.184 They obtained a good correlation between the degree of branching as 
determined by 1H NMR and starch-iodine complexation. Also, with the NMR technique, 
a low standard deviation was obtained. qHNMR was also used to determine the degree 
of substitution of 6-O-silylated185, maleinated186, and O-aminopropylated187 starches. 
In 2004, we proposed that NMR together with total-line-shape fitting can be used to 
determine the degree of substitution of acetylated starch samples.188 However, the re-
sults showed that accuracy of qHNMR method decreased when the degree of substitu-
tion was less than 2.0. Also other polymers than starch have been studied using 
qHNMR. We have also used proton NMR spectroscopy for determination of degree of 
substitution of several differently substituted chitosan samples.189-191 NMR has been also 
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used for determination of degree of substitution of hydroxypropyl cellulose192,193, hy-
droxypropyl methylcellulose192, cellulose acetate phthalate194, and camphorsulfonyl 
acetate of cellulose195. Thakur and co-workers have presented a method for quantitative 
determination of the composition of D-lactide and meso-lactide stereoisomer impurities 
in poly(lactide) containing predominantly L-lactide.196 Tojo and Prado have described a 
method for determination of the proportion of kappa, iota and lambda carrageenans (a 
class of sulphated galactan polysaccharides) in intact polymeric carrageenans using 
qHNMR.197 Degree of methylation and acetylation of pectins were determined using 
qHNMR for saponified pectin samples by Bédouet et al.198 
1.5.3. Natural products analysis 
Applications of quantitative proton NMR of natural products have been lately reviewed 
comprehensively by Pauli et al.17, and by Eisenreich and Bacher199. In this context, only 
some applications, for example medicinal and edible plant materials, are discussed. 
Medicinal plants have been studied extensively by qHNMR. Naqvi and co-workers 
presented at the late nineties the quantitative determination of atropine and scopolamine 
in different parts of plants.79 Quantitative NMR has been also applied to study the quan-
tities of terpene trilactones, active constituents of Ginkgo biloba, which vary greatly 
with small changes in such parameters as collection site, harvest time, and plant growth 
stage.88 A rapid qHNMR method developed by Choi et al. was applied to the quantita-
tive analysis of the bilobalide, ginkgolides A, B, and C in Ginkgo biloba leaves and 
commercial Ginkgo products.87 In their study, Choi and co-workers used 
1,3,5-trihydroxybenzene as a concentration reference, and also, found out that mixture 
of acetone and benzene as a solvent yielded best resolution. Later Li et al.88 proposed a 
modification to the solvent Choi et al. used, and were able to increase the solubility and 
thus increase the accuracy of quantitative analysis. 
Other medicinal plants have been also studied by qHNMR. For example, ephedrine 
analogues were analyzed quantitatively from Ephedra by Kim et al.200 They used anth-
racene as an internal reference and quantification of four different analogues of ephe-
drine from 1H spectrum of plant extract. Quantification of cannabinoids present in Can-
nabis sativa plant material without any chromatographic purification was demonstrated 
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by Hazekamp et al.90 They used methanol-chloroform extraction and anthracene as an 
internal concentration standard. Quantification of Δ9-THC and Δ9-THC acid from can-
nabis plant tinctures was presented by Politi et al.201 Li et al.202 have presented a method 
for quantification of camptothecin, 9-methoxycamptothecin, pumiloside and trigonelline 
in Nothapodytes foetida plant materials or cell suspension cultures using proton NMR 
with routine integration and a known amount of internal standard, 3,4,5-
trimethoxybenzaldehyde. Rivero-Cruz and co-workers203 used quantitative NMR to 
analyze active components from the essential oil from Brickellia veronicaefolia, a shrub 
that grows in the oak and pine woodlands of Mexico. They developed a NMR-based 
protocol that allows quality control of its herbal preparations. Also, NMR was found to 
be more suitable than GC-MS procedure. Very recently, Castilho et al. presented a pro-
ton NMR method for quantification of artemisinin, highly effective anti-malaria drug 
compound, from Artemisia annua plant extract.204 
Perry et al. studied insecticidal sesquiterpene dialdehydes and their infraspecific 
variation with QNMR analyses, and it was shown that NMR can be used for determina-
tion of relative dialdehyde levels.205 Burton et al.112 have used caffeine, theophylline and 
sucrose solutions as an external reference in quantitative study of algal toxins and some 
other natural products. They concluded that accuracy and precision around 1 % is 
achievable if high-precision sample tubes were used and measurement parameters were 
maintained constant (except excitation pulse has to be calibrated for every sample). 
Parys and co-workers206 determined the concentration of polyphenols in several brown 
algae. They compared four different methods that can be used for quantification (Fo-
lin−Ciocalteu's phenol reagent, 2,4-dimethoxybenzaldehyde, qHNMR spectroscopy, and 
gravimetrical measurements) and concluded that the determination using Fo-
lin−Ciocalteu's phenol reagent and qHNMR were the most reliable and precise methods. 
Pauli et al. have presented an excellent experimental protocol for QNMR of natural 
products.207,208 They used taxol as an example compound and presented methods for 
reference compound impurity analysis as well as for determination of concentration of 
taxol in Taxus brefifolia bark extract.  
1. Introduction to QNMR Spectroscopy 
Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 49 
Sobolev et al.209 have used NMR spectroscopy to study the contents of aqueous and 
organic extracts of lettuce leaves, but quantification was only used to characterize the 
lipid profile. Valverde and This104 have used qHNMR to detect chlorophylls, their deriv-
atives, and carotenoids from fresh and frozen green beans. They used hexamethyldisi-
loxane in a sealed capillary tube as an external reference compound for absolute concen-
tration determination. The precision of pigment determination by qHNMR spectroscopy 
was comparable to other methods like UV-vis spectroscopy and HPLC. Catchpole et al. 
have presented a method based on qHNMR spectroscopy to estimate both total capsai-
cins and total pungency of chili extracts.80 Quantitative proton NMR has been also used 
in quantitative determination of capsaicin in Capsicum frutescens.210 
In a very recent publication by Zulak et al.211, a method for monitoring the levels of 
42 diverse metabolites over a 100-hour time course in control and elicitor-treated opium 
poppy cell cultures was shown. They were able to identify and quantify large portion of 
the metabolites of primary and secondary metabolism in opium poppy using 1H NMR 
and model-based quantification.36 Mounet et al.212 followed the metabolic profile of 
tomato during fruit growth and development. They identified 33 compounds and used 
1H NMR to quantify 25 of them. Horchani and co-workes213 studied the effects of root 
hypoxia on nutritional quality of tomato fruits. They quantified over twenty metabolites 
with proton NMR spectroscopy and the only difference was found to be for ammonium 
content (it was not determined with NMR but spectrophotometric assay). 
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1.6. Food industrial applications 
The QNMR applications in food industry include both pure quantitative experiments 
where quantities of compounds are of interest, and also experiments where NMR signals 
are used as inputs for classification methods to reveal, for example, possible adultera-
tion, and thus are discussed shortly also here. 
1.6.1. Juices 
One of the earliest NMR applications, proposing also the quantitative possibilities of 
NMR spectroscopy in food industry, is the work of Eads and Bryant.214 Later Fan et al. 
published a study where they successfully determined the glucose content of fruit juices 
using WATR-CPMG (water attenuation by T2 relaxation-Carr-Purcell-Meiboom-Gill 
pulse sequence) method.215 In 1996 Belton et al. published a 600 MHz 1H NMR study of 
the analysis of juices and showed the potential of NMR spectroscopy in qualitative and 
semiquantitative analysis of liquid foods.216  
Common way to analyze different acids from fruit juices is to use HPLC217, but 
lately also NMR spectroscopy has been used to assess the acid content of juices. Del 
Campo et al. applied 1H NMR spectroscopy to quantitative determination of malic and 
citric acids in seven diverse fruit juices.59 When they compared the results obtained by 
QNMR to those obtained by enzymatic methods, correlation coefficients of R2=0.997 
and R2=0.996 for malic and citric acids, respectively, were obtained. Bereggi et al. have 
described several validated qHNMR methods of small organic molecules in apple juices. 
Quantifying of (–)-epicatechin84, chlorogenic acid85, and formic acid86 were done using 
1,3,5-benzenetricarboxylic acid as an internal standard, and when using standard addi-
tion method, they obtained recoveries between 91 and 107 % for chlorogenic acid, and 
between 95 and 109 % for (–)-epicatechin and formic acid. The limits of detection were 
24 mg/l for (–)-epicatechin, 42 mg/l for chlorogenic acid, and 1.49 mg/l for formic acid. 
Gil et al. have used a combination of liquid and solid-state NMR to study the meta-
bolism of mango fruit during ripening.218 They were able to assign almost 40 metabo-
lites from 1H spectrum and follow the changes in the metabolite quantities. Two tomato 
cultivars were thoroughly profiled and quantified and their metabolic profiles were pub-
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lished by Sobolev et al.219 After that, tomato juice has been studied at least by Tiziani et 
al. in their study of carotenoid profile of tomato juice.220 
In 1997 Belton et al. studied different cultivars of apples using quantitative 500 and 
600 MHz 1H NMR spectroscopy and proposed that high-field proton NMR will be valu-
able in speciation and authentication of fruit juices.221 Soon after that, Belton et al. pub-
lished a work describing the use of principal component analysis together with 1H NMR 
spectra to discriminate between apple varieties.222 Since then, several publications have 
reported NMR in studies of the authenticity and origin of juices. Le Gall et al. proposed 
scheme for discrimination of orange juice and pulp wash juice.223 The multivariate anal-
ysis revealed a clear marker compound, dimethylproline, but in addition 21 other signals 
that might be useful in the research of adulteration of orange juices. Del Campo and co-
workers used fourteen integrated signals, corresponding to the quantities of typical po-
lyphenolics and acids in apple juices, for statistical analysis in their work of apple juice 
classification.224 They were able to pinpoint the most discriminant compounds and 
achieved good classification and prediction abilities. Cuny and colleagues studied dif-
ferent chemometric tools to discriminate pure orange juice from grapefruit and blend 
juices.225 They concluded that better rates of classification could be obtained with super-
vised variable selection and independent-component analysis (ICA) than using the com-
plete spectra or principal-component analysis (PCA).  
1.6.2. Beers and wines 
The information on the chemical composition of beer is valuable for its quality assess-
ment. The major components of beer, in addition to water and ethanol, are carbohy-
drates, which have influence on sweetness and can influence mouthfeel. Other compo-
nents include proteins and amino acids, which have influence on beer foam and haze 
stability, and phenolic compounds (for example cinnamic acids, benzoic acids, cate-
chins, and flavonols), which have influence on flavor and physical stability.226 
Free amino acids and organic acids can also be used as indicators for fermentation 
process.227 Duarte et al. showed in 2002 that NMR spectroscopy enables a direct and 
rapid overview of the chemical composition of beer to be obtained.226 They were able to 
identify around 30 characteristic compounds and concluded that NMR together with 
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chemometrics will be useful in providing information about origin and processing con-
ditions. However, many compounds remained unassigned due to spectral complexity, 
and soon after the initial work of Duarte et al., Gil et al.228 and Duarte et al.229 published 
papers where they combined liquid chromatography to NMR and mass spectrometric 
detection (LC-NMR/MS), and were able to assign additional compounds that are charac-
teristic to beer. After these results, research was geared towards classification of beers 
based on their 1H NMR spectra, and soon it was proposed that NMR can be used as a 
tool for quality control.230 In 2004 Nord et al. published a method for quantification of 
amino and organic acids from beer.227 They were able to obtain high-accuracy results 
(R2=0.90–0.99) when compared to chromatographic methods with a moderate limit of 
quantification (around 10 mg/ml). Lachenmeier et al. were able to show that beer NMR 
spectroscopy can be used to obtain indirect quantitative information, the amount of orig-
inal gravity, and also to describe compositional properties like authenticity, quality, and 
origin.231 Recently, Almeida et al. used NMR/PCA to study beers differing in production 
site and date, and the compositional differences they found could be linked to biochemi-
cal processes related to beer production.232 
Analysis of wines by NMR spectroscopy developed in parallel with NMR spectros-
copy of beers. The first assignments of commonly present amino acids in wine and a 
proposition to use the intensities of assigned amino acids for quantitative determination 
were presented in the works of Košir et al.233,234 In 2003 Gil et al. continued the assign-
ments of wine compounds using LC-NMR/MS method.228 
The certification of geographical origin became an issue in the late nineties when 
European Union systems PDO (Protected Designation of Origin), PGI (Protected Geo-
graphical Indication), and TSG (Traditional Speciality Guaranteed) to promote and pro-
tect food products were introduced. Following introductory work of Košir et al.233, in 
which they discussed the suitability of NMR to be used as an analysis method for de-
termination of wine’s origin, Brescia and co-workers established a 1H NMR based me-
thod for geographic identification of Italian red wines originating from southern Italy.235 
Classification of different wines was taken further by Brescia et al. in 2003.236 They 
used different analytical techniques to obtain the input parameters for chemometric 
analysis: high-performance ion chromatography exclusion (HPICE) for the determina-
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tion of some organic acids, inductively coupled plasma emission spectroscopy (ICP-
OES) for the determination of trace elements, and 1H NMR for the semiquantitative 
determination of some amino acids, organic acids, and alcohols. A nearly 100 % correct 
classification according to geographical origin of the wines was obtained. Interestingly, 
the NMR inputs permitted the most precise prediction. 
Diffusion-ordered spectroscopy (DOSY) is used to separate the NMR signals on the 
basis of their diffusion coefficients, that is, based on their hydrodynamic radii.237 Nils-
son et al. used to DOSY to increase the number of assigned compounds from 1H spec-
trum of wine.238 They used Port wines as samples and were able to identify and quantify 
several minor compounds as well as reveal the molecular level complexity related to 
wine aging. 
Clark et al. have successfully used qHNMR and chemometric applications to assess 
the key processes in during fermentation.239 Avenoza et al. used 1H NMR to quantify the 
levels of malic and lactic acids during the fermentation.240 Compared to traditional en-
zymatic methods, NMR was found to be a rapid and also an accurate method. The corre-
lation coefficient for malic acid concentration determination between the enzymatic and 
the NMR method was R2=0.969. Larsen et al. used iPLS (interval Partial Least Squares) 
to quantify several small molecule compounds from different wines and were able to 
obtain fair results when the spectra were pre-processed heavily, for example peak 
alignment using Co-shifting and Correlation Optimized Warping.241 
One of the major techniques often used in determination of geographical origin of 
foods is SNIF-NMR (site-specific natural isotope fractionation). It allows the determina-
tion of the geographical origin of foods based on the isotopic ratio of a given nucleus 
found in a constituent of the analyzed food.242 In a review by Reid, O’Donnel and 
Downey, SNIF is stated to be the most specific and sophisticated technique for deter-
mining food authenticity.243 This can be explained by the fact that the specific propor-
tions of the particular isotopes of hydrogen and oxygen present in molecules are depen-
dent mainly on climatic and geographical conditions. By determining the ratio of hydro-
gen and deuterium in different positions in ethanol extracted from the wine it is possible 
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to distinguish between regions.244 SNIF-NMR has particularly been used for the geo-
graphical authentication of various wines.245-247 
1.6.3. Other food products 
In 1999, Belloque and Ramos published a review on dairy products NMR. By then only 
occasional compounds were studied by NMR and a thorough quantitative work was still 
undone.248 One work describing the quantitative analysis of several phospholipids from 
milk fat using 31P NMR and iterative line fitting was published by Murgia et al. in 
2003.249 The first report on the observation of the NMR spectra of milk without any 
pretreatment was published by Hu et al. in 2004.250 They were able to assign several 
compounds on the basis of 1H, 13C, 1H-13C-HSQC, and 1H-13C-HMBC spectra, also the 
power of NMR as a quantitative tool for milk analysis was also discussed. In 2004 Bres-
cia et al. proposed a rapid and low cost method based on quantitative 1H NMR to diffe-
rentiate cow and buffalo milk.251 They were able to assign some minor components and 
several fatty acids. Using their quantities as inputs for classification, they were able to 
distinguish buffalo and cow milk. Soon after that, Brescia et al. published a study where 
they were able to determine the geographical origin of the milk and mozzarella cheese 
on the basis of NMR data and isotopic ratios (13C/12C and 15N/14N, obtained with isotop-
ic mass spectrometry).252 In 2007 Hu et al. presented a thorough work where they quan-
tified several organic compounds from untreated whole milk using 1D 1H and 1H-13C 
HSQC spectra with external concentration reference, capillary tube containing 1,1,2,2-
tetrachloroethane.253 
Caligiani et al.111 presented a detailed NMR profiling, including compound identifi-
cation and quantification, of Italian balsamic vinegar. Their results suggest that 1H NMR 
can be used for rapid simultaneous analysis of carbohydrates, organic acids, alcohols 
and volatile substances in vinegar samples. They validated the quantitativity of the me-
thod with synthetic vinegar containing known amounts of the identified compounds and 
quantitative NMR results were in good agreement with the real concentrations. 
Fatty acids and especially edible oils have been studied widely using QNMR me-
thods. In 1993 Sacchi et al.254 published a protocol for determination of ω-3 polyunsatu-
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rated fatty acids from fish lipids using quantitative proton NMR spectroscopy, and later, 
Guillén and Ruiz255 proposed a simple methodology based on 1H NMR spectroscopy to 
determine the proportions of the different acyl groups in samples of oils and fats. Very 
recently, a qHNMR protocols for determination of fatty acid profile and monitoring the 
changes in the profile during fatty acid oxidation for fish256 and sunflower oils257 were 
proposed. The most studied edible oils are olive oils owing to significant health effects, 
and its sensory and nutritional quality. These properties increase the commercial value 
of extra virgin olive oil, and consequently, lead easily to adulteration of virgin olive oils 
with low-grade foreign oils.243,247 Qualitative and also quantitative fatty acid composi-
tion of virgin olive oil was studied with high-resolution NMR in 1996 by Sacchi et al.258 
They focused also to the minor components of virgin olive oils and proposed that NMR 
could be used to monitor oil quality and freshness, and to detect the possible adultera-
tion. Sacchi et al. published the first data of quantitative high-resolution NMR spectros-
copy applied to the geographical characterization of virgin olive oil in 1998.259 In 2000 
Fauhl and co-workers used qHNMR to detect mixtures of olive, hazelnut and sunflower 
oils using relative integrals of oleic, linoleic and β-carboxyl peaks.260 Later, Mannina et 
al. used qHNMR-determined levels of eleven minor components in olive oils to charac-
terize their geographical origin.261 Vigli et al. have combined quantitative 31P and 1H 
NMR spectroscopy to classify oils of diverse botanical origin and to detect adulteration 
of fresh virgin olive oils with other seed oils at very low concentrations.262 Finally, Rez-
zi and co-workers have reported an approach based on high-throughput acquisition and 
holistic processing allowing classification of geographical origin and year of production 
of olive oils.263 
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1.7. Biochemical applications 
Even though NMR spectroscopy is commonly recognized as a chemists’ tool for small 
molecule structure elucidation, it has also such biochemical applications as determina-
tion of protein’s solution structure, monitoring protein-ligand interactions, and assess-
ment of both qualitative and quantitative small molecule composition of biological sam-
ples. Depending on the applied technique, it can be considered also as a quantitative 
proton NMR spectroscopy. Basically, the quantification of protein’s NOE (nuclear 
Overhauser effect) signals from 2D NOE spectrum to get restraints for molecular dy-
namics can be considered as an application of qHNMR. In this chapter, two small-
molecule biochemical qHNMR applications, protein-ligand interactions by saturation 
transfer difference and metabolite quantification, are discussed to limit this literature 
review only to pure qHNMR applications. 
1.7.1. Protein-ligand interactions by saturation transfer difference 
NMR techniques to observe protein-ligand interactions can be considered as qHNMR 
spectroscopy when dissociation constants or epitope mapping based on signal integrals 
are to be assessed. Almost all of the methods used for protein-ligand interaction studies 
allow some level determination of binding affinity264,265, but in this chapter, only satura-
tion transfer difference NMR will be discussed, because its qHNMR nature and 
straightforwardness. 
Protein-carbohydrate interactions play crucial roles in numerous biological mechan-
isms, and thus the conformational behavior and interaction properties of oligosaccha-
rides are studied extensively. Commonly used method for carbohydrate screening is the 
saturation transfer difference (STD) NMR.266 In the method, protein resonances are se-
lectively saturated and due to spin diffusion, the saturation is spread to the bound li-
gands. When the saturated spectrum is subtracted from the reference spectrum, the re-
sulting difference spectrum contains only signals arising from the bound ligand. The 
STD NMR allows the recognition of ligand’s epitope, since the saturation transfer will 
be more efficient for those parts of the ligand that come into close contact with the pro-
tein, and thus the relative intensities of the ligand signals indicate its binding epitope. 
Dissociation constants can be determined from the replacement of one ligand as a func-
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tion of the concentration of another, which was demonstrated by Mayer and Meyer.267 If 
a ligand has a very high binding affinity, a direct STD NMR method cannot be used. 
However, by using a variant of it, competition STD NMR, binding can be monitored 
through the reduction of lower affinity ligand’s STD signals.268 There are numerous 
examples where STD-NMR is used to study carbohydrate–protein interactions: the bind-
ing of sucrose octasulphate by the natural killer cell receptor, NKR-P1A269; the epitope 
mapping of a carbohydrate-mimetic peptide recognized by an anti-carbohydrate antibo-
dy270; characterization of the binding epitope of a-2,3-sialylated lactose to sialoadhe-
sin271; the binding epitope mapping and kinetic studies of p-nitrophenyl glycosides of 
sialic acid when bound to Trypanosoma cruzi trans-sialidase (TSia)272; the binding epi-
tope mapping of disaccharide (Glcα1→3ManαMe) bound by calreticulin273; investiga-
tion of binding of UDP-galactofuranose to UDP-galactopyranose mutase274; and a de-
tailed atomic mapping of di- and trimannosides binding to cyanovirin-N protein275. In 
2006 Angulo et al. performed quantitative analysis of the STD NMR spectra of UDP-
galactose and UDP-glucose bound to human blood group B galactosyltransferase 
(GTB), and were able to propose detailed mechanistic model for the GTB-catalyzed 
transfer of galactose from UDP-galactose onto an H-type acceptor substrate.  
Other applications of STD NMR include, for example, small molecule-protein inte-
ractions276,277, peptide-protein interactions278-280, plant hormone-protein interactions281, 
nucleotide-protein interactions282, and plant ligand-protein interactionsPaper III. Recently, 
Brecker and co-workers published a critical evaluation of the potentials and limitations 
of the STD NMR to study the binding of carbohydrates.283 It was suggested that the 
method should not be used as an only analytical tool to analyze complex binding proce-
dures involving, for example, binding to different subsites. 
The STD NMR has been used not only for protein-ligand interaction, but also, for 
example, virus-ligand interactions284, lipid-protein interactions in a liquid crystalline 
lipid matrix285, receptor-ligand interactions in living cells286,287, ligand-sepharose-
immobilized protein interactions288, ligand-DNA interactions289, and nucleotide virus-
like particle-ligand interactions290. 
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
58 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
1.7.2. Metabolite quantification 
Measurement of the concentrations of small-molecule metabolites provides a detailed 
chemical view of an organism's metabolic state. In traditional analytical chemistry, me-
tabolite levels are quantified using chromatography, biochemical assays or other me-
thods that measure the concentration of a metabolite from a sample. Thus, measuring the 
concentrations of several metabolites requires the usage of several assays. The quantita-
tive nature of NMR makes qHNMR an appealing method for metabolite determination. 
Since the area of each NMR signal is proportional only to the number of nuclei respon-
sible for the signal, the areas of the signals can be used to measure the concentrations of 
all the NMR visible (i.e. has NMR visible nuclei and concentration above the method’s 
limit of quantification) metabolites in a sample from a single run. This part of the litera-
ture review will be restricted to the works, which concentrate on quantification of indi-
vidual identified metabolites from biological samples using advanced quantification 
methods (e.g. deconvolution), and thus the continuously expanding field of metabonom-
ics will be reviewed only partly. Readers interested in applications of metabonomics are 
referred to reviews by Coen291, Ala-Korpela292, Lindon293, and Nicholson294. Recently, 
Beckonert et al. have proposed protocols for NMR determination of metabolites from 
urine, plasma, serum, and tissue extracts.295 In their paper, instructions for sample prepa-
ration as well as measurement parameters for several 1H NMR spectroscopic techniques 
are supplied.  
Routinely, handling of metabonomics NMR data is done by binning (see chap-
ter 1.2.3). However, it does not provide accurate concentrations of metabolites and 
therefore other methods have been developed. Crockford et al. have developed a method 
for automated spectral integration or quantitation, and showed it performance in analysis 
of three urine metabolites, citrate, taurine, and hippurate.296 The method tries to minim-
ize the difference in chemical shift and intensity between a reference spectrum of a me-
tabolite and observed spectrum. However, the signal shape and width of the reference 
spectrum are left unmodified. This means, in principle, that accuracy of the results de-
pends on the similarity of the reference signal and the observed spectrum. In 2006, Wel-
jie et al. presented the concept of targeted profiling, a method for quantitative determi-
nation of individual components in mixtures (available in Chenomx NMR Suite soft-
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ware).36 It is based on fitting of metabolites’ spectra to the observed spectrum. The 
model spectra are obtained by spectral simulation. The parameters for the simulation are 
obtained from the database that contains observed chemical shifts and coupling con-
stants for the metabolites’ spectra. Line shape parameters and concentration reference 
are obtained from line shape analysis of a reference signal. However, at the time of the 
publication, fitting could be done only manually by scaling the reference signal. In addi-
tion, the quality of the fit was estimated by eye ensuring that intensity of all the non-
exchangeable proton signals of the reference spectrum were at the same level as the 
signals of the particular metabolite in the observed spectrum. Later, it was shown that 
this approach has ca. 10 % quantitative inaccuracy.37 Very recently, applications utiliz-
ing quantitative metabolomics (or, in other words, targeted profiling) were reviewed by 
Wishart.297 
Determination of various metabolites in urine by qHNMR was presented already in 
1984 by Bales et al.298 Since then, urine composition has been studied using qHNMR in 
several studies, ranging from single metabolite quantification to extensive toxicological 
analysis. The first description of automated NMR spectral deconvolution method for 
small-molecule compound identification and quantification was presented by Wishart et 
al. They analyzed almost 1000 urine samples’ proton NMR spectra. The measurement 
and the analyses of the spectra of almost 1000 urine samples were done automatically 
with minimal supervision in a high-throughput style. All the samples were measured and 
analyzed within 36 hours.299 Wevers et al. have studied mainly urine, but also cerebros-
pinal fluid (CSF) with qHNMR to explore its possible use in the diagnosis of inborn 
errors of purine and pyrimidine metabolism.61 They used line shape fitting to reveal the 
concentrations of several metabolites relevant to purine and pyrimidine metabolism, and 
finally, they proposed that NMR is a valuable tool in screening the inborn errors of pu-
rine and pyrimidine metabolism. Gipson and co-workers have proposed a protocol using 
a weighted, constrained least-squares algorithm for the estimation and comparison of 
relative metabolite levels.42 It allowed reference spectra based quantification of around 
thirty metabolites. Slupsky et al. have studied variations in urine caused by gender, diur-
nal variation and age.300 They were able to quantify 50 metabolites in urine using a 
model-based approach (Chenomx NMR Suite). Saude and co-workers studied variability 
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of 24 major metabolite levels in human urine, and followed also the inter-individual 
variability of the urine metabolites.301 Quantification was based on least-square fitting of 
reference spectra of the metabolites to the observed urine spectrum (Chenomx NMR 
Suite). It was demonstrated that there exists large inter- and intra-individual variation in 
metabolite concentrations, and a proper normal baseline level for the metabolites must 
be defined before studying the changes in the metabolite levels. 
In 1982, Bock showed that proton NMR spectroscopy can be used to obtain detailed 
information on metabolites present in serum.302 Standardized protocol for obtaining 
qHNMR data from blood plasma metabolites was proposed in 1994 by Wevers et al. 
Before that, Otvos et al. had publised a method for determination of lipoproteins from 
plasma using proton NMR spectroscopy and deconvolution.303 Recently, we published a 
method for lipoprotein lipid quantification from serum 1H spectra using Bayesian mod-
els.304 In contrast to quantitative metabonomics of urine, there are not many applications 
on small-molecule quantification from serum. One reason for this might be the high 
protein content, which obscures the detection of low-level compounds.64 Weljie et al. 
have studied metabolites related rheumatoid arthritis by qHNMR. The measured proton 
NMR spectra of mouse serum were analyzed using targeted profiling approach of Che-
nomx software.305 Quantitative information on 59 identified and semiquantitative infor-
mation on 28 unknown metabolites were acquired. Very recently, Shearer et al. pub-
lished a study on dietary-induced insulin resistance in mouse.306 They acquired proton 
NMR spectra of the serum, which was then subjected to targeted profiling using Che-
nomx software. In total, 46 metabolites were quantified and it was shown that the quan-
titative information on the metabolites can be used to discriminate the diets, and more 
importantly, to obtain more information related to metabolic profile of insulin resis-
tance. 
In the works of Petroff et al.307 in 1986 and Bell et al.308 in 1987, it was shown that 
qHNMR could be used to quantify several metabolites in cerebrospinal fluid (CSF). In 
1995, Wevers et al. published standardized method for NMR of CSF and showed that 50 
metabolites can be observed from the CSF with NMR.309 Since then, NMR has been 
applied frequently to study neurological disorders.310 Wevers et al. have used deconvo-
lution to discover the metabolites in CSF related to inborn errors of purine and pyrimi-
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dine metabolism.61 Curve-fitting has also been used to quantify metabolites from rat 
CSF proton NMR spectrum, and it was shown that the β-amyloid polypeptide infusion 
reduced the levels of several CSF metabolites.311 Lutz et al. have used deconvolution of 
1H NMR spectra to determine the changes in the CSF metabolite profile induced by 
multiple-sclerosis.312 Very recently, we published a protocol utilizing constrained total-
line-shape fitting for quantification of 31 metabolites in human CSF.313 The protocol 
was later applied to discriminate different neurological states on the basis of CSF 
qHNMR.314 
Steady-state concentrations of various metabolites are a good measure of a metabol-
ic state, but to obtain deeper understanding of metabolic pathways and regulating fac-
tors, isotope tracers and isotope profiling are needed. NMR spectroscopy is a powerful 
tool for isotope profiling, since quantitative information on, for example, 13C and 15N 
labels at specific atom is obtained easily. It was shown already in the nineties that 13C 
NMR spectroscopy is suitable for metabolic pathway analysis.315 However, owing to 
complexity and severe overlapping, qHNMR has not been used routinely for metabolic 
flux analysis. Delgado et al. have proposed a 1H NMR based protocol to follow metabol-
ism of glucose.316 They used deconvolution to quantify the lactate methyl 1H signal of 
[2-13C]- and [3-13C]lactate signals and were able to determine the fraction of glucose 
erythrocytes metabolized by the pentose phosphate pathway. Very recently, Tiainen and 
co-workers introduced a protocol based on adaptive spectral library and quantitative 
proton NMR spectroscopy that allows quantification of 232 amino acid 13C-isotopomers 
from a single sample. When using prior knowledge (e.g. metabolic pathway, population 
ratio of non-, mono- and multilabeled mass isotopomers obtained from mass spectrum) 
as a constraint for quantification, 94 % of the populational enrichments could be quanti-
fied within 5% from the correct value.317 
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2. AIMS OF THE STUDY 
The aims of the present thesis were to develop modern qHNMR tools and to apply the 
developed tools for chemical and biochemical applications where reliable quantification 
of overlapping and very low signal-to-noise ratio signals is needed: 
1. To develop integration strategy based on constrained total-line-shape 
fitting and to evaluate its suitability for low-level impurity quantifica-
tion. (Paper II) 
2. To develop a protocol for identification and quantification of unknown 
impurities arising during multistep synthesis using qHNMR and con-
strained total-line-shape fitting. (Unpublished due to commercial re-
strictions) 
3. To develop experimental qHNMR protocols and quantification tools for 
biochemical applications: 
a. a qHNMR protocol that can be used to study lipid oxidation and 
possible antioxidants (Papers Ia and Ib),  
b. applications of qHNMR where accurate quantification of broad, 
overlapping and noisy signals is required: protein ligand interac-
tions (Paper III), and enzymatic modifications, and reaction and en-
zyme kinetics (Paper IV).
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3. IMPURITY QUANTIFICATION WITH CTLS 
Adapted from Analytica Chimica Acta 542(2), P. Soininen, J. Haarala, J. Vepsäläinen, M. Niemitz, R. Laatikainen, 
Strategies for Organic Impurity Quantification by 1H NMR Spectroscopy: Constrained Total-Line-Shape Fitting, 178–
185, Copyright (2005), with permission from Elsevier. 
3.1. Introduction 
Usually, the signal areas, corresponding to the impurity concentrations, are determined 
using traditional integration methods with which, however, problems arise if the signals 
of interest are very weak, overlap with other signals or are located near major compound 
signals. In this work, we developed and assessed an integration strategy based on con-
strained total-line-shape (CTLS) fitting, where the spectral structures of the multiplets to 
be fitted are given in form of constraints for the total-line-shape fitting algorithm. The 
procedure allows integration of weak and overlapping signals and, in addition, is insen-
sitive to baseline artifacts and data-point resolution 
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3.2. Results and discussion 
Normal 1H NMR spectra of organic compounds contain numerous weak signals arising 
from 13C isotopomers (see Figure 4A). In order to avoid problems arising from these 
signals overlapping with the weak impurity signals, we had to find a routine and easily 
implemented way to perform an effective 13C decoupling. Several broadband decoupling 
methods based on adiabatic fast passage have been previously proposed.318-321 These 
methods suit well, for example, for 13C labeled compounds where an effective and broad 
decoupling range is needed. However, a common problem of these methods is formed 
by the residual sidebands. There have been some attempts to reduce the decoupling si-
debands322,323, but when quantifying signals smaller than 0.1 % of the adjacent main 
signal, a clean and smooth baseline is desired. Unfortunately, this cannot be achieved 
with adiabatic decoupling. In this work, we found that although the standard GARP-1 
decoupling yields also a fair result, the variation of the decoupling frequency clearly 
improves the analyzability of the spectrum and smoothens the baseline (Figure 4). 
 
Figure 4. 1H NMR spectra of a drug substance E-entacapone containing one impurity 
(0.30 mol% of Z-entacapone). The (A) standard 1H NMR spectrum: the 13C satellites are 
marked with asterisk. (B) The 13C decoupled spectrum using GARP-1 decoupling. (C) The 
13C-decoupled spectrum using the decoupling frequency variation: the 13C satellites are re-
moved, the signals are less deformed and the resolution is better than in the case of standard 
GARP-1 decoupling. The sloping baseline arises from a broad exchanging proton signal at 
low field. 
To assess the quantification of impurities by total-line-shape fitting method in a real 
case, we validated the method for determination of the most probable impurity of our 
drug substance. The samples used were those of E-entacapone with Z-entacapone as 
impurity. 
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The quantification was performed for two well-separated signals (Figure 5, a and 
b), both arising from a single proton. The impurity concentrations were obtained by 
comparing the areas of the corresponding signals with those of the main compound (as 
explained in Figure 5 caption). The use of similar protons compensates the possible 
error arising from different relaxation properties of the different type of protons and, 
thus, allows a short acquisition time. If we use different drug compound signals as the 
reference signal, (the area of which is set to 100), this causes here ca. 5% variation in the 
impurity integral and, according to our experiments, it can be difficult to remove com-
pletely this variation by changing the spectral acquisition parameters. 
 
Figure 5. Total-line-shape fitting of two impurity signals. The sample was prepared by add-
ing 0.200 mol% of the known impurity (Z-entacapone) to the drug substance standard (E-
entacapone). Both the signals represent one proton in the structure. The leftmost signal can 
be described by a singlet (a), the rightmost one is in fact composed of a doublet (b) and a 
weak singlet (y, corresponding to ca. 0.04 mol%) arising from another non-characterized 
impurity or decoupling artifact. The three weak lines (x, corresponding altogether to ca. 
0.07 mol%), left from the singlet, arise from uncharacterized impurities in the drug standard; 
their presence was confirmed by measuring the spectrum of the drug substance with a large 
number of scans. The doublet structure (= two identical lines) and the splitting (2.1 Hz de-
termined at a high concentration) of the doublet was used as constraints for the fitting. The 
dashed blue line shows the effective baseline (the baseline term + the contribution of the 
strong lines out of the fitting range); the area above the line arises from the components in 
the fitting range. The solid green line shows the difference between the observed and calcu-
lated spectrum. The impurity concentration is obtained simply by setting the areas of corres-
ponding single proton signals of the drug compound to 100; the area of the impurity signal 
gives then the impurity concentration in mol%. 
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The quantification of the singlet (a) is straightforward and a good result 
(R2 = 0.9953, see Figure 6A) is obtained when the three weak impurity signals (x) left 
from the line are included to the fitting (as an example of overlap of different impuri-
ties). On the other hand, when the integration of the doublet (b) was done using total-
line-shape fitting without any constraints, the least square fit to the data yielded equation 
y = (0.980 ± 0.060) x + (0.01 ± 0.02) with R2 of 0.9282. The reason of the poor fit was 
the impurity lines that become significant at lower concentrations (and varied also for 
drug standards obtained from different batches). However, when the quantification was 
done using the doublet constraints (1:1 doublet with a splitting measured at a higher 
concentration), the least square fit yielded equation 
y = (1.010 ± 0.030) x + (0.001 ± 0.008) and R2 of 0.9833. 
 
Figure 6. (A) The comparison of the theoretical and quantified percentages of the impurity 
(mol%) of the drug substance when the quantification is done using total-line-shape fitting 
on the singlet (a) in Figure 5; gray squares show the theoretical values and the crosses the 
quantified values. The solid line represents the least square fit to the data: 
y = (0.997 ± 0.014) x + (0.004 ± 0.004) and the squared correlation coefficient (R2) is 
0.9953. The statistics for the doublet, with and without constraints, are given in the text. (B) 
Plot showing the standard deviation of quantified percentage (×) vs. theoretical percentage, 
and the relative standard deviation of quantified percentage (■) vs. theoretical percentage. 
The linear line represents the least square fit to the data; 
y = (0.036 ± 0.002) x + (0.0019 ± 0.0006) and the R2 is 0.9885. By extrapolating the line to 
the zero theoretical concentration, the value describing the error of the method is obtained. 
The curved line displays the fitted function y = 1/(0.14 ± 0.03) x + (3.9 ± 0.3) which 
represents the relative error of the determination. 
The quantified percentages of the impurities versus the theoretical values for the 
singlet are presented in Figure 6A. The plot shows that the method is linear through the 
entire concentration range and also that there is no systematic error since the quantified 
values are scattered uniformly. From the achieved standard plot, the limit of quantifica-
3. Impurity Quantification With CTLS 
Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 67 
tion (LOQ) and detection (LOD) can be estimated using the ICH Guideline58, 
LOQ = 10 σ/S and LOD = 3.3 σ/S, where σ is the standard deviation of y-intercepts of 
the regression lines and S is the slope of the calibration curve. A bias in this analysis is 
formed by growth of the absolute errors when increasing impurity concentration (see 
Figure 6A). This non-uniform variance obviously reflects the variance arising from the 
preparation of the samples in a volatile solvent. Without any corrections, LOQ of 
0.047 mol% and LOD of 0.016 mol% are obtained, which are now the numbers contain-
ing the variance arising from the sample preparation. If we plot the standard deviations 
of samples in each concentration versus concentration (Figure 6B), a linear plot is ob-
tained. An extrapolation of the plot to zero concentration gives an estimate of the stan-
dard deviation that is free of the sample preparation errors. Using this value as the stan-
dard deviation of y-intercepts, LOQ of 0.019 mol% and LOD of 0.0064 mol% are ob-
tained. These estimates represent the methodological limits of the present determination. 
However, the LOQ and LOD estimates depend on many factors and with a less volatile 
solvent and higher solubility of the material (only ca. 1.5 wt% here), the estimates 
would be better. On the other hand, with multiplets that are more complex, they would 
be worse. 
The result that the regression line goes through origin, within limits, is also an im-
portant result indicating that the baseline fitting is properly described in the protocol. 
Another essential result is that the regression coefficient between the observed (obtained 
by comparing the impurity signal area to the closest drug compound signal area) and 
theoretical values is 1.0 within confidence limits, which means that the theoretical rela-
tionship between the signal areas and concentrations is valid in the present concentration 
range. This also means that no calibration is needed, if the molecular weights of the 
impurities are in the same range with the signals used as the intensity reference and if 
the relaxation delay and the receiver gain parameters are properly adjusted. However, if 
the signal used for quantification is close to an intensive signal, the selection of the total-
line-shape fitting range and the baseline function demands validation. 
An essential question is whether the potential impurities of the drug substance are 
analyzable from one 1H NMR spectrum. In the present case, a comparison of 1H NMR 
spectra of potential impurities and the drug compound shows that for every impurity 
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there is at least three signals in the total spectrum, which do not seriously overlap with 
the main product signal or with any other impurity signal and, thus, can be used for the 
quantification. This result suggests that in normal cases (where the number of the de-
tectable impurities after purification steps is typically less than 10) a complete quantifi-
cation of impurities is possible based on a single 1H NMR spectrum when the 13C satel-
lite signals are removed. It is also obvious that the probability that all the NMR signals 
of an impurity would be under the major lines is far smaller than that the impurity runs 
together with the main compound in 1D chromatography and that in NMR spectroscopy 
this possibility can be still greatly reduced by running the spectrum, for example, in 
different solvents. 
To assess the integration method for more complex and severely overlapping mul-
tiplets, we used the spectrum of a mixture of vanillin and salicylic acid (0.05–
0.30 mol%). Also, ethanol was added to the samples as an example of residual solvent. 
The quantification of the salicylic multiplet at 7.95 and the ethanol triplet at 1.15 ppm is 
easily done well below the used concentration range without any prior knowledge about 
the structures of the signals. The signal at 7.5 ppm moves under the vanillin signal and 
cannot be quantified below 0.10 mol%. The signals below 6.9 ppm form an example, 
with which the use of the constrained total-line-shape procedure can be described. Fig-
ure 7 shows some typical situations, which were created for this assessment; the spec-
trum in Figure 7A is obtained after careful maintaining the line-shape by shimming, in 
Figure 7B the purpose of the shimming was a high resolution, Figure 7C and D display a 
spectrum that has been obtained after fast and poor shimming and with a low number of 
scans. 
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Figure 7. Selected examples of fitting strategies: (A) 0.100 mol% salicylic acid in vanillin 
with good shimming (the spectrum is not in scale with spectra (B–D)), no constraints used 
in fitting, the quantified salicylic acid concentration was 0.099 mol%; (B) 0.300 mol% sali-
cylic acid in vanillin, in the fitting constraints for doublet splitting and equal line width for 
all signals were used, the quantified salicylic acid concentration was 0.281 mol%; (C) 
0.100 mol% salicylic acid in vanillin, the time used for shimming was less than 5 min, in the 
fitting constraints for line width (doublet lines (a) have same width and triplet lines (b) have 
same width) and area (doublet area equals triplet area) were used, the quantified salicylic ac-
id concentration was 0.103 mol%; (D) a total-line-shape fitting of the salicylic acid impurity 
with too many baseline terms and no constraints; the quantified salicylic acid concentration 
was 0.145 mol%. The dashed blue line shows the effective baseline. The solid green line 
marked with an arrow shows the difference between the observed spectrum (black) and fit-
ted signals (red). The dotted vertical lines show the impurity signal fitting range. 
For a few well-separated lines, the baseline forms no problem and the baseline is ef-
ficiently described by the Fourier-polynomial expansion. However, if a signal is formed 
from many overlapping lines and located close to a large signal like in Figure 7, a proper 
strategy of the fitting is essential. A good description of the baseline contribution arising 
from strong signals located outside the fitting range may demand a many term Fourier-
polynomial function. This may lead to the situation that the result of the analysis de-
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pends strongly on the function used. Such an example is described in Figure 7C and D. 
If we fit the salicylic acid impurity signals without any prior knowledge about the struc-
ture of the impurity spectrum, we obtain easily a very good fit if the number of baseline 
terms is set >5. With a smaller number, the fit is poor at the ends of the fitting range. 
With a larger number of terms, the baseline becomes unrealistic and with five baseline 
terms the results also depends from the starting values of the iteration; actually, the 
baseline is not well-defined due to the correlations of the signal and baseline parameters. 
This usually leads to overestimated integrals; in Figure 7D, the integral is 45% larger 
than in Figure 7C. In practice, for this kind of cases, it is difficult to set up simple rules 
how to decide the number of the baseline terms and functions. However, a more realistic 
and robust baseline is obtained by properly estimating the contribution of the major lines 
to the fitting area. This means that we have to be able to describe accurately the major 
signal contribution at the root of the signal.  
In this work, we explored numerous fitting strategies. The final and the most gener-
al three phase strategy of the total-line-shape fitting (after the peak-picking of the lines 
is done) of the example is as follows: 
(i) Fit all the well-separated signals of the spectrum using two to five of base-
line terms. It is necessary to fit the line-shape parameters for only one well-
defined signal or multiplet. The purpose of this phase is to obtain rough es-
timates of the line parameters. 
(ii) Select the fitting range so that the major signal line-shape and the impurity 
signal range are well-defined (the total range shown in Figure 7). Select and 
fit then the impurity range (shown for Figure 7C and D), so that a reasona-
ble fit is obtained, using three to five baseline terms and the same line width 
and line-shape for all the lines; the purpose of this fitting is to obtain rea-
sonable estimates for the impurity signal parameters. To get a good descrip-
tion for the major signal and thus, to define, the contribution of the major 
signals in the impurity range, select and fit the range excluding the impurity 
signals from the fitting (if the lines are included into the iteration, they easi-
ly move to odd places). Optimize now also the line shape parameters and 
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use as many baseline terms as needed for a good fit. Because only the fit at 
the root of the major signal is important, one can underweight the part of 
the very high intensity. The necessary properties for the weighting and the 
exclusion of signals from the fitting were added to the program TLS. 
(iii) Fit only the impurity signal range, now without optimizing the line shape 
parameters and with a minimum number (only the zero- and first-order po-
lynomial) of baseline terms. To test the robustness of the result, repeat the 
fitting with adding one to two Fourier baseline terms. 
 
The above strategy works very well for the case in Figure 7A. The result is not sen-
sitive to the number of the lines or the number of the baseline terms and also the line 
widths can be optimized. The reason is that, due to a good line-shape, the baseline is 
well-defined also between the line groups. The same concerns the fitting in Figure 7B. 
In this case, however, the quality of the spectrum allowed the use of constraints based 
on the structure of the spectrum; the spectrum is composed of two second-order octets 
arising from two protons of salicylic acid. For the multiplets (a and b), actually octets, 
we can write a number of constraints. For example, we can tell the program that the (a) 
octet is composed of four 1:1 doublets having equal splittings. These constraints can be 
set through the graphical interface without defining any weight parameters. For the (b) 
octet, we can write fewer constraints because of its stronger second-order nature. A va-
lid and useful rule is that the areas of the two octets are equal. Including these kinds of 
constraints and assuming equal line width for every line again leads to a very robust 
behavior of iteration. Finally, if we fit the poor spectrum in Figure 7C and D without 
any constraints, as shown in Figure 7D, a 45% error in the total area is obtained (de-
pending from the starting point of the iteration). On the basis of a visual inspection, it is 
difficult to conclude that the result is incorrect. However, in this case, we can set a con-
straint that tells that the areas of the octets (a and b), the former described by two single 
lines and the latter by three lines, are equal. If we also add the constraints that the effec-
tive line widths of the doublet and, respectively, the triplet lines are equal and also that 
the triplet splittings are the same, a nearly unambiguous value of the integral is again 
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obtained. Although not so good approximation, also description of the octets with a 1:1 
doublet and a 1:2:1 triplet fixes the estimate of the integral to a very reasonable value. 
The above results mean that when using the constrained total-line-shape fitting, im-
purity levels as low as 0.10 mol% can be easily determined even in cases like those in 
Figure 7C and D. The quality of the result depends much on the quality of the spectrum; 
high quality unfortunately increases the cost of the analysis in form of spectrometer 
tuning and measurement time. The above results were obtained with very reasonable 
efforts. It should also be emphasized that the total concentration of vanillin was set to 
only 5 %, much lower than the solubility in most of cases allows. 
3.3. Conclusions 
A method for organic impurity determination was assessed. An efficient 13C decoupling 
was achieved by using the GARP-1 method with varying decoupling frequency. Com-
pared to usual decoupling methods, frequency variation produces smoother baseline and 
better resolution. Also, the advantages of total-line-shape fitting in integration are ob-
vious; integration of overlapping lines is possible, and the method does not suffer se-
riously from baseline artifacts. However, when lines are seriously overlapping or signal 
is close to the root of major signals, the constrained total-line-shape procedure is the 
only way to achieve reasonable statistics. In our case, a LOQ of ca. 0.05 mol% was easi-
ly achieved. Depending on the solubility of the main component and the molecular for-
mula, clearly lower levels can be reached. 
In general, the above procedures significantly improve the usefulness of qHNMR in 
its potential applications like drug impurity analysis and residual solvent screening. A 
great advantage of qHNMR is that, in the case of non-characterized impurities, the spec-
trum yields also a lot of structural information about the impurity. A complete qHNMR 
analysis of a sample demands 1–2 h, or even less, if the protocol is well-validated, in-
cluding 10–30 min spectrometer time. 
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3.4. Experimental 
Vanillin (3-methoxy-4-hydroxybenzaldehyde) was dissolved into acetone-d6 to final 
concentration of 100 mg/ml. Salicylic acid (2-hydroxybenzoic acid) was dissolved to 
acetone-d6 to concentration of 553 mg/ml and diluted in three steps to final concentra-
tion of 0.553 mg/ml. Ethanol was also dissolved to acetone-d6 to concentration of 
184 mg/ml and diluted in three steps to final concentration of 0.184 mg/ml. Five NMR 
samples were prepared so that each contained 50 mg/ml of vanillin (0.329 M) and 0.300, 
0.201, 0.100, 0.075 or 0.051 mol% of salicylic acid (corresponding to 23–137 μg/ml) 
and ethanol (8–45 μg/ml). Each sample volume was adjusted to 0.600 ml. 
The drug substance, entacapone [(E)-2-cyano-3-(3,4-dihydroxy-5-nitro-phenyl)-
N,N-diethyl-acrylamide]324 (provided by Orion Pharma, Finland) was dissolved into 
acetonitrile-d3 to concentration of 15 mg/ml. The impurity of the drug [(Z)-2-cyano-3-
(3,4-dihydroxy-5-nitro-phenyl)-N,N-diethyl-acrylamide] (provided by Orion Pharma, 
Finland) was first dissolved into acetonitrile-d3 to concentration of 38.2 mg/ml and then 
diluted in three steps to concentration of 0.153 mg/ml. Five NMR samples were pre-
pared so that each contained 9 mg/ml of the drug substance and 0.499, 0.299, 0.200, 
0.098 or 0.05 mol% (4.6–46 μg/ml) of the impurity. Each sample volume was adjusted 
to 0.500 ml with acetonitrile-d3. Five independent samples were prepared for all the 
concentrations. 
All the measurements were performed on Bruker AVANCE 500 DRX (Bruker, 
Karlsruhe, Germany) spectrometer operating at 500.13 MHz equipped with 5 mm in-
verse triple resonance probe. Shimming of the sample was performed manually on the 
FID of TMS signal paying more attention to the line shape than to resolution, as esti-
mated visually from FID. The spectra were measured at 300 K without spinning the 
sample. 
For the standard 1H NMR measurements, the number of scans was 64, the spectral 
width 6250 Hz and the total recycling time 7.3 s. Number of data points was 64 K. To 
test that there was sufficient time for magnetization recovery, additional experiments 
with different relaxation delays were done. Because our impurities and major com-
pounds were rather similar in molecular weight, longer relaxation delay was not neces-
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sary. For the 13C decoupled 1H NMR measurements, the same parameters as for standard 
1H NMR were used with GARP-1 decoupling during relaxation delay and acquisition 
with offset for decoupling at 120 ppm. In our 13C decoupling method, offset for GARP-1 
decoupling was changed after every scan so that the aromatic carbon-13 spectral region 
(167–104 ppm) was swept through during 64 scans. 
All the spectra were processed using PERCH NMR Software (PERCH Solutions, 
Ltd., Kuopio, Finland). Prior to Fourier transformation, the FIDs were multiplied by an 
exponential window function with line-broadening of 1 Hz for the drug spectra and 
0.1 Hz for the vanillin spectra. Quantifications were performed using the TLS program45 
of PERCH NMR Software on a standard desktop PC. Quantifications were based on 
constrained total-line-shape fitting procedure, the details of which are discussed in de-
tails in the results. This work led to a few large modifications in the procedure.
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4. LDL OXIDATION 
Based on: K. Seppänen, P. Soininen, J.T. Salonen, S. Lötjönen, R. Laatikainen: Does Mercury Promote Lipid Peroxida-
tion? An In Vitro-Study Concerning Mercury, Copper and Iron in Peroxidation of Low Density Lipoprotein, Biol. Trace 
Elem. Res., 2004, 101, 117–132; and L. Kangas, N. Saarinen, M. Mutanen, M. Ahotupa, R. Hirsinummi, M. Unkila, 
M. Perälä, P. Soininen, R. Laatikainen, H. Korte, R. Santti: Antioxidant and antitumor effects of hydroxymatairesinol 
(HM-3000, HMR), a lignan isolated from the knots of spruce, Eur. J. Canc. Prev., 2002, 11 (suppl 2), S48-S57. 
4.1. Introduction 
It has been shown that the plasma levels of oxidized low-density lipoprotein (OxLDL) 
are elevated in patients with coronary heart disease, and thus OxLDL plays an important 
role in atherosclerosis.325 LDL is easily oxidized by transition metal ions, for example 
by iron or copper326, but also the role of mercury in oxidation reaction has been under 
many studies, since there is evidence that correlate body mercury content to the in-
creased risk of cardiovascular diseases.327 Myeloperoxidase is known to generate nu-
merous reactive oxidants and its presence in atherosclerotic lesions is also proven, thus 
it may play a role in atherogenesis.328 In order to study the direct effects of myeloperox-
idase, and mercury, copper and iron on lipid oxidation, qHNMR method was employed. 
Lignans are a class of phenolic compounds with a 2,3-dibenzylbutane skeleton. One 
of such compounds, hydroxymatairesinol, is the most abundant single component of 
spruce lignans.329 Many lignans are strong antioxidants330, and thus the antioxidant 
properties of hydroxymatairesinol (HM-3000) were studied in vitro using similar assay 
as for oxidation studies with metal ions and myeloperoxidase.  
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4.2. Results and discussion 
The NMR spectra of the LDL extracts of myeloperoxidase (MPO) and metal ion reac-
tions are collected into Figure 8. Signal areas are given using the cholesterol ester C3 
proton’s signal (δ= 4.59 ppm) as a reference. It is seen that copper (Figure 8D) promotes 
non-enzymatic peroxidation of LDL since the double-bond protons signals (-CH=CH-) 
at δ=5.3 ppm as well as the arachidonic and linoleic acid proton (=CH-CH2-CH=) sig-
nals at δ=2.79 ppm and δ=2.75 ppm, respectively, are greatly reduced (by 35 %, 65 % 
and 82 %, respectively, when compared to native LDL). Another indicator of the oxida-
tion is the ratio of the double-bond and linoleic acid signals. Both the signal area and 
ratio propose that also iron and mercury weakly promote the non-enzymatic peroxida-
tion. The only weak interaction between MPO and the metal ions means that mercury 
may inactivate MPO slightly, in agreement with the results of enzymatic experiments. 
 
Figure 8. A part of 500 MHz 1H NMR spectrum of CDCl3 extracted (A) LDL, (B) 
LDL + MPO, (C) LDL + MPO + Cu2+, (D) LDL + Cu2+, (E) LDL + MPO + Hg2+, (F) 
LDL + Hg2+, (G) LDL + MPO + Fe3+, and (H) LDL + Fe3+ after 30 minutes incubation. The 
signal assignments are given at the top of the spectra: -CH=CH-, double bond protons; este-
rified cholesterol C3-proton; =CH-CH2-CH= 20:4 and 18:2, bisallylic protons of arachidon-
ic acid and linoleic acid, respectively. The numbers at the signals designate their areas when 
the signal of esterified C3 proton of cholesterol is set to 100. MPO, myeloperoxidase. The 
linoleic acid/double bond signal ratio is shown on the right. 
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The NMR spectra of extracted LDL samples with and without oxidizing agent and 
antioxidants, HM-3000 and α-tocopherol, are presented in Figure 9. HM-3000 seems to 
protect LDL (or the lipids of lipoproteins) from the Cu2+-induced peroxidation: the oxi-
dation rate of polyunsaturated and unsaturated fatty acids is reduced by ca. 70%. It has a 
slightly different antioxidant profile from that of α-tocopherol. While both of them pre-
vented the oxidation arachidonic and other minor polyunsaturated fatty acids that have 
bisallylic resonance at the same chemical shift as arachidonic acid, α-tocopherol had 
clearly not influence on oxidation of monounsaturated fatty acids. A slight inhibition in 
oxidation of linoleic acid is also observed for α-tocopherol as well as for HM-3000. 
 
Figure 9. A part of 500 MHz 1H NMR spectrum of (A) LDL, (B) LDL + Cu2+, (C) 
LDL + Cu2+ + HM-3000, (D) LDL + Cu2+ + α-tocopherol (Vitamin E) after 3 hours incuba-
tion and extraction with CDCl3. For the signal assignments, see Figure 8. The numbers on 
the side of the signals give their areas. 
4.3. Conclusions 
In this study, effects of mercury, copper and iron on the LDL oxidation via a direct radi-
cal mechanism and via MPO system were studied using qHNMR spectroscopy of lipid 
extracts. Even though some signals had low signal-to-noise ratio and, in addition, were 
overlapping severely, accurate quantitative results were obtained using constrained total-
line-shape fitting analysis. It was shown that mercury does not promote either direct 
LDL oxidation or oxidation by activating MPO. Copper ions seemed to promote clearly 
non-enzymatic oxidation of polyunsaturated fatty acids, whereas mercury and iron had 
only slight effects. However, the presence of the metal ions did not influence on MPO, 
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and thus it can be concluded that mercury does not promote LDL oxidation. In addition, 
HM-3000 appeared to be an effective and multifaceted antioxidant in comparison to 
previously well-known antioxidant. LDL oxidation was prevented effectively when 
HM-3000 was added to the incubation mixture. To conclude, it was shown that QNMR 
spectroscopy is suitable for monitoring oxidation reactions as well as studying the prop-
erties of potential antioxidants. 
4.4. Experimental 
In order to clarify the direct effects of mercury, copper and iron on the oxidation of 
LDL, 1H NMR spectroscopy was used. The LDL samples were incubated with the metal 
ions and myeloperoxidase (MPO, EC 1.11.1.7) after which they were extracted with 
CDCl3. The final concentration of LDL was 136.8 mg/l and the effective concentration 
of metal ions was approximately 16 μmol/l. Final concentration of MPO (specific activi-
ty 200 units/mg) was 400 U/l. Incubation was performed in a buffer containing 
100 mmol/l NaCl and 50 mmol/l HEPES, pH 7.5. The reaction was started by 50 µl of 
2.0 mM H2O2. The reaction mixture was incubated at 37 oC for 30 minutes. 
To study the antioxidative effects of hydroxymatairesinol (HM-3000) in oxidation 
of LDL, qHNMR protocol was used. For all the antioxidant experiments, the LDL was 
diluted to final concentration of 0.46 mg/ml by 0.15 M NaCl in D2O:H2O (1:9). CuCl2 
was added so that the final concentration of metal ion was 40 µM. Also, 5 µl of 30 % 
H2O2 was added to the samples. Samples were incubated at room temperature for 
3 hours. α-Tocopherole or HM-3000 was added so that its final concentration was 
60 µM. After the incubation, the samples were extracted using deuterochloroform. 
The 1H NMR spectra of the extracts were measured in a routine way with a Bruker 
AVANCE 500 DRX spectrometer operating at 500.13 MHz (Bruker-Biospin, Karlsruhe, 
Germany) equipped with a 5 mm inverse triple resonance probe. The spectral prepara-
tion and analyses were performed with PERCH software (PERCH Solutions Ltd., Kuo-
pio, Finland) on a standard desktop computer. Quantification was based on total-line-
shape fitting method. The number of lines used for fitting was adjusted so that each sig-
nal of the spectrum was well described.
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5. PROTEIN LIGAND INTERACTIONS 
Adapted from Phytochemistry 66(21), K. Koistinen, P. Soininen, T. Venäläinen, J. Häyrinen, R. Laatikainen, M. Peräkylä, 
A. Tervahauta, S. Kärenlampi, Birch Pr-10c interacts with several biologically important ligands, 2524–2533, Copyright 
(2005), with permission from Elsevier. 
5.1. Introduction 
The PR-10 (pathogenesis-related class 10) protein family consists of a large group of 
homologous proteins found from several plant species. The PR-10 proteins are ex-
pressed during disease and in stress situations.331 Because of amino acid sequence simi-
larity, PR-10 proteins have been classified as ribonuclease-like PR proteins.332 Bet v 1 
and Pru av 1 proteins, both members of the PR-10 family, have a large internal hydro-
phobic cavity, and it was suggested that it is needed for the binding of a hydrophobic 
ligand.333 A structural homology of Bet v 1 with the START domain of MLN64 sug-
gests that PR-10 family proteins have phytosteroid binding properties.334 After that find-
ing, a member of PR-10 family, the major birch allergen Bet v 1, has been shown to 
bind fatty acids, flavonoids, and cytokinins335, and another member of PR-10 family 
proteins, a major cherry allergen Pru av 1, has been shown to bind phytosteroids333. To 
further study the ligand binding properties of PR-10 family proteins, the Birch PR-10c 
(known also as Bet v 1-Sc3332) protein, which shares high structural homology with Bet 
v 1 and other PR-10 proteins, was screened against several biologically important small 
molecules using saturation transfer difference (STD) NMR. STD NMR spectroscopy is 
based on the principle that by saturating a protein one can transfer this saturation to the 
ligand if there is an exchange between ligand and protein. The method allows monitor-
ing only those signals that arise from molecules that have binding affinity. Because the 
transfer of saturation is most efficient to ligand protons that are in direct contact with the 
protein, they have the strongest signal in the STD spectrum. The ligand protons that are 
located further away are saturated to a lower degree, and their STD intensities are weak-
er. Therefore, the degree of saturation of individual ligand protons reveals the epitope of 
the ligand.
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5.2. Results and discussion 
The structure, biological function and binding epitope of ligands interacting with PR-
10c are presented in Table 1. 
 
Table 1. Structure, biological function and binding epitope of ligands interacting with PR-10c. 
Structure Ligand Biological function Binding epitope 
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Mogensen et al.335 have reported that birch Bet v 1 does not interact with indole-3-
acetic acid or gibberellic acid, and these molecules were thus used as negative controls 
for the STD NMR measurements. The present results indicated that, even though PR-
10c bound several biologically important molecules, no interaction occurs between PR-
10c and indole-3-acetic acid or gibberellic acid. 
Cytokinins are plant hormones that regulate several processes in plant growth and 
development, e.g., cell division, bud growth, fruit and embryo development. Binding of 
a cytokinin (kinetin) was studied both on the reduced and glutathiolated forms of PR-10 
protein. The STD NMR results indicated that both forms interact with kinetin (Figure 
10). The calculated STD factors show that adenine rather than furan moiety of the mole-
cule interacts with the protein (Figure 11). The observed binding is in line with previous 
findings on the interaction of the birch major allergen Bet v 1 with the cytokinins kinetin 
and N6-(Δ2-isopentenyl)adenine335 Interestingly, the present results indicated that ATP 
does not interact with PR-10c, even though kinetin is bound through its adenine moiety, 
suggesting specificity in the interaction of the nucleotide derivatives with PR-10c. 
 
Figure 10. Binding of kinetin to reduced and glutathiolated form of PR-10-His fusion pro-
tein observed with STD NMR. (a) Part of a standard proton NMR spectrum of kinetin for 
reference. STD NMR spectrum of kinetin with (b) glutathiolated and (c) reduced PR-10-His 
fusion protein showing signals from bound kinetin. (d) STD NMR spectrum of kinetin with-
out protein; all signals are cancelled. For assignments, see the structure in Table 1. 
 
The PR-10c protein interacted also with deoxycholate. The CH3-19 appears to have 
the largest relative STD-effect. STD-effects were also calculated for some other CH3-
groups; those were all smaller than the STD-% of CH3-19. No significant effects were 
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seen for aliphatic chain hydrogens. This could indicate, together with the fact that the 
molecule is roughly planar, that the steroid nucleus of the molecule is closer to the pro-
tein. Competition experiment with kinetin showed that these two molecules do not inter-
fere with each other statistically significantly (Figure 11), suggesting that deoxycholate 
and kinetin have different binding sites in the protein. The docking results partly sup-
ported this observation; kinetin and deoxycholate both have two binding sites where 
they can bind without interfering with each other. 
 
Figure 11. (a) Relative STD effects (STD-%) for different hydrogens of kinetin as a func-
tion of saturation time (s). Solid square corresponds to H-5 in furan ring, triangle to H-8 and 
diamond to H-2 in purine moiety. As the saturation time increases, also relative STD-effects 
grow larger. Since the STD-effect is larger for those parts of ligand that are closest to the 
protein, it is possible to conclude that the purine ring of kinetin is closer to the protein than 
the furan ring. (b) Relative STD-effects (STD-%) for selected signals of the deoxycholate 
hydrogens as a function of saturation time (s). Open square corresponds to H-12, triangle to 
H-3 and diamond to CH3-19. (c) Relative STD-effects for kinetin (solid triangle) and deoxy-
cholate (open diamond) measured from the same sample. Since both molecules have equal 
STD-% and there is no major change in STD-% when compared to those of each molecule 
alone with the protein, it can be proposed that these two molecules do not compete for the 
same binding site. 
Binding of flavone and flavanone (naringenin) to birch Bet v 1 has been reported 
previously.335 The interaction of PR-10c with flavonoids was studied with two quercetin 
glycosides, and it could be shown that PR-10c is able to bind both tested glycosides, i.e. 
quercetin-3-O-galactoside (hyperoside, one of the main phenolic compounds in birch336) 
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and quercetin-3-O-rutinoside (rutin). The results clearly indicated that the interaction 
occurs through the B ring of quercetin moiety since no saturation transfer was observed 
for the glycosidic and A ring protons (Figure 12).  
 
Figure 12. Binding of rutin to PR-10-His protein. Two parts of the reference 1H NMR spec-
trum (below) and parts of the STD NMR spectrum (above) are shown. In the STD spectrum, 
only the signals arising from the B-ring of quercetin moiety are visible, indicating that this 
part of the molecule is closest to the protein. For assignments, see the structure in Table 1. 
 
Figure 13. Binding of emodin to PR-10-His protein. Part of the reference 1H NMR spec-
trum (below) and part of the STD NMR spectrum are shown. No clear difference in STD 
signals could be observed. For assignments, see the structure in Table 1. 
PR-10 homologue Hyp-1 protein has been reported to form hypericin from emodin 
in vitro.337 The present results indicate that emodin clearly interacts with PR-10c-His 
protein (Figure 13) and, on the basis of ligand docking, is able to bind two emodin mo-
lecules at the same time. No significant difference was observed in STD factors for 
aromatic protons. Although formation of hypericin could not be demonstrated within 
72 h with NMR experiments, the possibility that PR-10c may participate in it cannot be 
excluded. It should be noted that the experimental conditions in the present study were 
slightly alkaline due to the poor solubility of emodin, and the catalytic activity of Hyp-1 
has been shown to have optimum between pH 6.5 and 7.0.337  
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5.3. Conclusions 
In this work, a specific application of qHNMR spectroscopy, STD NMR, was used to 
evaluate the binding of several ligands to a protein. Accurate quantification of very low 
signal-to-noise ratio signals using total-line-shape fitting enabled us to study the kinetics 
of ligand binding. Based on the present results, PR-10c is capable of binding several 
different types of ligands using different binding sites for different ligands. This sug-
gests that PR-10c has a role in the storage and transport of biologically important mole-
cules.  
5.4. Experimental 
All the samples were prepared using deuterated phosphate buffer (100 mM 
K2DPO4/KD2PO4, 100 mM NaCl in 99.8%-d D2O, pH*=7.0) as the solvent. For prelimi-
nary studies, HPLC-purified glutathiolated and reduced forms of PR-10c were tested 
using 2 μM protein and 200 μM kinetin as a ligand. To achieve a higher protein concen-
tration, the purified PR-10c was lyophilized and the dried protein was dissolved in the 
buffer to a final concentration of 20 μM. Kinetin, gibberellic acid, rutin, hyperoside, 
emodin, indole-3-acetic acid, and sodium deoxycholate used as ligands in protein-ligand 
binding studies were dissolved into D2O, using NaOD to adjust the pH when necessary 
for dissolution. Ligand concentration in each sample was 2 mM, resulting in 1:100 pro-
tein to ligand ratio. When deoxycholate and kinetin were studied together, 2 mM con-
centration was used for both ligands. The final volume of samples in all studies was 
400 μl. 
All measurements were performed on Bruker AVANCE 500 DRX spectrometer 
operating at 500.13 MHz and equipped with 5 mm inverse triple resonance probe. The 
spectra were measured at 300 K without spinning of the sample. 
One-dimensional STD NMR experiments were recorded typically with 4096 scans 
for both off- and on-resonance spectra. Difference spectrum was obtained internally via 
phase cycling. For samples with higher concentration of H2O, water suppression was 
achieved using WATERGATE pulse sequence (Piotto et al., 1992). Irradiation frequen-
cy was set to 15 kHz for off-resonance and 0 Hz for on-resonance. Selective saturation 
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of the protein was achieved using a pulse train of selective Gaussian pulses. Duration of 
each pulse was 50 ms and the pulses were separated by 1 ms delay. Saturation time was 
2 s. In addition, when build-up of saturation transfer was explored, saturation times of 
1.2, 3, and 5 s were used. For these studies, off- and on-resonance spectra were recorded 
and quantified separately to obtain build-up curves. The relative STD effects for indi-
vidual protons were calculated by determining the individual signal areas in the on- 
(Aon) and off-resonance (Aoff) spectrum and subtracting them (Aoff–Aon). This corres-
ponds to the signal area in STD spectrum (ASTD). To calculate STD-% values, the result-
ing area ASTD was divided by the signal area in the off-resonance spectrum and finally 
multiplied by 100% (STD-% = 100% × (Aoff–Aon)/Aoff). 
All spectra were processed using PERCH NMR Software (PERCH Solutions Ltd., 
Kuopio, Finland). Prior to Fourier transformation, the FIDs were multiplied by an expo-
nential window function with line-broadening of 1 Hz. Quantifications were performed 
using the TLS program (Laatikainen et al., 1996) of PERCH NMR Software on a stan-
dard desktop PC.
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6. PHOSPHOLIPID FOLLOW-UP 
Adapted from Biochemical and Biophysical Research Communications 360(1), P. Soininen, K. Öörni, H. Maaheimo, 
R. Laatikainen, P.T. Kovanen, K. Kaski, M. Ala-Korpela, 1H NMR at 800 MHz facilitates detailed phospholipid follow-up 
during atherogenic modifications in low density lipoproteins, 290–294, Copyright (2007), with permission from Elsevier. 
6.1. Introduction 
The structure of low-density lipoprotein (LDL) particles and the enzymatic and oxida-
tive modifications of their surface are crucial in the initiation of atherosclerosis.325,338 
Understanding of the molecular mechanisms that are related to the initiation requires 
dynamic follow-up studies of LDL particles in physiological conditions. Two funda-
mental aspects hinder these kinds of studies, the structural complexity of LDL particles 
and the difficulty to follow-up non-destructively the molecular processes in an LDL 
sample under an enzymatic attack. 
The LDL particles are complex assemblies of ca. 3000 lipids and an apolipoprotein 
B-100 (apoB-100) molecule. The core is consisted mainly of triglycerides, cholesterol 
esters, and unesterified cholesterol. The surface monolayer is comprised of an apoB-
100, phospholipids, and unesterified cholesterols. The phospholipid components are 
phosphatidylcholine (PC), sphingomyelin (SM), and lysophosphatidylcholine (lyso-
PC).339 
Techniques that would facilitate a non-destructive follow-up of dynamic molecular 
processes in a native LDL sample under an enzymatic modification in a physiological 
environment are sparse. NMR spectroscopy has been applied to study both native lipo-
protein structures and some characteristics of their atherosclerotic modifications.340-342 
Proton NMR has earlier enabled distinction between PC and SM at the LDL particles.343 
In the current study on the dynamic effects of phospholipase A2 (PLA2) and oxidation 
on LDL particle structure and interactions the PLA2-induced generation of lyso-PC in 
LDL is directly distinguishable from the 800 MHz 1H NMR spectra. This appears to be 
the first time that lyso-PC is assigned and quantified in the 1H NMR spectra of lipo-
protein particles.  
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6.2. Results and discussion 
The function of PLA2 is to catalyze the hydrolysis of the sn-2 bond in phospholipids, 
i.e., to generate a free fatty acid and a lyso-PC.339,341 The results of the line-shape-fitting 
analyses in Figure 14 for one set of spectra from a single sample of LDL incubated with 
PLA2 in the magnet fully reproduce the expected molecular behavior: the lyso-PCs 
formed due to the action of the enzyme originate entirely from the hydrolyzed PCs. This 
unequivocally confirms the assignment of the new signal at around 3.198 ppm for lyso-
PC. Similar results were obtained in two other 1H NMR data sets and the behavior was 
also confirmed by SM, PC, and lyso-PC measurements with TLC. 
 
Figure 14. A characteristic aliphatic region of a 1H NMR spectrum of LDL at 800 MHz is 
shown at the bottom together with the assignments of the main lipid resonances.340 The inset 
on the top left corner illustrates the phospholipid N(CH3)3 resonances at around 3.2 ppm at 
different time points in a single sample in which LDL is continuously modified by PLA2 in 
the magnet. The quantification of these phospholipid resonances at the beginning and at the 
end of the experiment via line-shape-fitting analysis is illustrated in the middle. The signal 
for PC is shown in blue, for lyso-PC in fuchsia, and for SM in cyan. The difference between 
the experimental (Exp) and calculated (Calc) spectrum is shown in green at the bottom of 
the insets (Diff). The results from the line-shape-fitting analyses for the spectra during the 
PLA2 lipolysis of LDL are given at the top right corner. The decrease of the PC resonance is 
clearly accompanied with an increase in the lyso-PC resonance while the SM resonance re-
mains virtually unchanged. PC, phosphatidylcholine; lyso-PC, lysophosphatidylcholine; 
SM, sphingomyelin; C(18)H3, cholesterol backbone resonance. 
As the first test for the applicability of the 1H NMR methodology at 800 MHz, oxi-
dation of LDL was studied. Oxidized LDL (oxLDL) is thought to play an important role 
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in the initiation and progression of atherosclerosis.325 During LDL oxidation, both the 
lipid molecules and apoB-100 undergo a variety of chemical changes and modifications 
due to radical-mediated reactions. These changes include the peroxidation of polyunsa-
turated fatty acids at the sn-2 position of surface PC into lipid hydroperoxides, which are 
further cleaved to aldehydes as well as to lyso-PC.344 
The lyso-PC in oxLDL is generated by the activity of lipoprotein-associated PLA2 
(Lp-PLA2) which is an enzyme that is produced by inflammatory cells and co-travels 
mainly with circulating LDL.345 The products of the action of Lp-PLA2 can affect vari-
ous atherosclerotic processes. In fact, lyso-PC upregulates the expression of monocyte-
chemo-attractant protein-1 and adhesion molecules on endothelial cells and vascular 
smooth muscle cells, thereby enhancing the recruitment of inflammatory cells to the 
intima.345 This suggests a pro-inflammatory and pro-atherogenic role for Lp-PLA2. 
The oxidation of LDL first affects the phospholipids at the particle surface, then 
spreading to apoB-100 and the lipid molecules in the core of the particles.346 However, it 
is unclear at what stage of LDL peroxidation the Lp-PLA2 is activated. Previously, this 
question has been problematic to address since traditional methods, such as TLC, lack 
the sufficient accuracy to detect such small changes, but also because the commonly 
used oxidation marker, thiobarbituric acid-reactive substances (TBARS), does not relate 
to the phospholipid changes in LDL.347  
Figure 15 shows that activation of Lp-PLA2 is instantaneous for the LDL peroxida-
tion. The behavior of the =CH–CH2–CH= resonance gives a good general measure for 
the peroxidation state of the particles.348 Thus, only minor oxidation of the surface PCs 
seems sufficient to activate the Lp-PLA2 leading to the concomitant formation of lyso-
PC. The activation behavior of Lp-PLA2 in all LDL preparations was very similar. 
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Figure 15. The behavior of the area of lyso-PC and bisallylic resonances in the 1H NMR 
spectra at 800 MHz during the oxidation of (A) an LDL sample in D2O NMR-buffer, and of 
(B) two different LDL samples (open and closed bullets) in H2O-buffer. The signal areas are 
from line-shape-fitting analyses similar to those illustrated in Figure 15. The instantaneous 
generation of lyso-PC is evident in both experiments even though the bisallylic protons indi-
cate only minor oxidation of LDL lipids. The values in (B) for both individuals are the mean 
values of two replicates ±SD. Error bars for the bisallylic resonance areas are not shown for 
clarity since their size is approximately the size of the symbols. The fits to a modified en-
zyme kinetics equation y = cx/(d + x) + bx + a; propose that the hydrolysis reaction ap-
proaches zeroth order kinetics after a fast initiation. 
The observed immediate activation of Lp-PLA2 due to the peroxidation of surface 
PCs in LDL can be seen to support the current view of Lp-PLA2 as a pro-atherogenic 
component.349 It seems that even minor oxidation of LDL lipids in vivo, occurring as a 
host response to infection and inflammation350, will be sufficient to induce production of 
additional inflammatory mediators, such as lyso-PC. Alternatively, the instantaneous 
activation of Lp-PLA2 due to lipid peroxidation may also be seen as an anti-atherogenic 
response since lyso-PCs also act as inhibitors of macrophage-mediated oxidation of 
LDL and thereby attenuate foam cell formation and atherosclerotic lesion growth.351 
6.3. Conclusions 
In this work, a novel signal assignment for lyso-PC in LDL and a quantitative 1H NMR 
methodology at 800 MHz to facilitate dynamic information on molecular mechanisms in 
LDL particles under atherogenic disturbances were presented. Quantification of three 
overlapping broad signals from three different types of phospholipids was feasible when 
the signal area determination was done with constrained total-line-shape fitting.  
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
90 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
6.4. Experimental 
The 1H NMR spectra were acquired at 37 °C on a Varian Unity INOVA 800 MHz spec-
trometer equipped with either a conventional (PLA2 data) or cryogenically cooled (oxi-
dation data) 1H/15N/13C triple-resonance 5 mm probehead at the NMR Laboratory, Insti-
tute of Biotechnology, University of Helsinki (Helsinki, Finland). A reference tube (out-
er diameter 1.7 mm, supported by a Teflon adapter) containing sodium 3-
trimethylsilyl[2,2,3,3-D4] propionate (TSP) (40 mM) and MnSO4 (0.6 mM) in 99.8% 
D2O was placed concentrically into an NMR tube to be used as an external chemical 
shift and concentration reference.  
PLA2 (from bee venom) was from Sigma–Aldrich (Chemie GmbH, Steinheim, 
Germany). The NMR measurements were carried out in NMR-buffer containing 
137 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM Na2HPO4/NaH2PO4, 
pD 7.4 in D2O. Prior to the experiment, LDL was gel-filtered through PD-10 column 
equilibrated and eluted with the NMR-buffer. The sample contained 0.7 mg/ml of LDL 
and 20 ng/ml of PLA2. The lipolysis of the LDL was followed continuously for 11 h by 
measuring a standard proton spectrum (number of transients was 96, acquisition time 
5 s, relaxation delay 1 s, and flip angle 90°) at every 20 min. The experiment was re-
peated twice with two different LDL preparations in similar conditions with very similar 
outcome. 
The oxidation studies were carried out both in D2O- and H2O-environments. The 
deuterium-based NMR-buffer was as in the PLA2 experiments. To remove EDTA and to 
change H2O to D2O, LDL was gel-filtered prior to the experiments through PD-10 col-
umn equilibrated and eluted with the NMR-buffer. The sample contained 1.0 mg/ml of 
LDL and oxidation was carried out with 30 μM CuSO4 in the sample tube. Oxidation 
process was monitored for 17 h by measuring a standard proton spectrum (parameters as 
in the PLA2 experiments) at every 10 min. The H2O-environment NMR measurements 
were carried out in standard phosphate-buffered saline (PBS). EDTA was removed from 
LDL in a PD-10 desalting column equilibrated with PBS. The experiments were done 
with two LDL samples from two apparently healthy volunteers. The samples contained 
1.0 mg/ml of LDL and oxidation was carried out with 50 μM CuSO4. Oxidation process 
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was followed continuously for 7 h by measuring a standard proton spectrum without 
water suppression (number of transients was 128, acquisition time 5 s, relaxation delay 
1 s, and flip angle 90°) at every 15 min. 
All the data processing was done with the PERCH NMR software (PERCH Solu-
tions Ltd., Kuopio, Finland).45,352,353 Prior to Fourier transformation, the measured FIDs 
with 80,000 data points were zero filled and multiplied by an exponential window func-
tion with a line-broadening of 0.5 Hz. All the spectra were scaled according to the area 
of the corresponding TSP reference signal. Signal areas were determined using line-
shape-fitting analysis.45,352,353 A model line-shape-based approach was adopted in the 
case of the peroxidation experiments to improve the systematic accuracy of the molecu-
lar trends. This kind of analysis is often referred to “use of biochemical prior know-
ledge” and its use is recommended to decrease the mathematical uncertainties with over-
lapping resonances.352,353 It can be applied in situations where the molecular components 
within the spectral region of interest are known. This applies now for the choline –
N(CH3)3 resonance at around 3.2 ppm since it consists only of three single components, 
namely phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin. This infor-
mation was used as prior knowledge by analyzing the last spectrum of the enzymatic 
modification series of LDL first (since it contains the maximum information on the 
weakest lyso-PC component) and then making a relative fixing for the line widths and 
chemical shifts of all these phospholipid resonances to be applied in the final analyses of 
the entire spectral data set. However, some softness was accepted in the relative fixings 
of the half-line widths and chemical shifts to allow adjustment for potential (and un-
known) biophysical differences between the various stages of oxidized LDL particles. It 
is notable that we studied only the early stages of LDL peroxidation and thus all the 
stages studied are likely to be biophysically rather close to each other. The data analysis 
without the use of biochemical prior knowledge produced essentially the same molecu-
lar trends but with more scatter and increased SDs. In the experiments where the PLA2-
enzyme was added to the LDL samples (in order to verify the resonance assignment for 
the lyso-PC) the spectral changes were much more pronounced than for the peroxida-
tion-initiated activation of LDL-associated PLA2 and thus no prior knowledge was used 
in the spectral analyses of those data sets.
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7. SYNTHESIS IMPURITY PROFILING BASED ON 
SPECTRAL PREDICTION, 2D CORRELATION 
SPECTROSCOPY AND QHNMR 
7.1. Introduction 
In this chapter, a protocol using proton spectral prediction, 2D correlation spectroscopy 
and qHNMR to determine the amount and to characterize the impurities generated dur-
ing the synthesis of a commercial substance is presented. One aim, especially, was to 
prove that the sample did not include one potentially harmful impurity for which NMR 
data was not available. An overall strategy based on impurity profile constraints from 
the synthesis route, proton chemical shift prediction, and 2D and quantitative 1D NMR 
spectroscopy is outlined. — Unfortunately, the structures and the details related to the 
synthesis route cannot be revealed due to the commercial restrictions. 
Most of the impurities originate from the synthesis pathways, i.e. starting material 
impurities, intermediates and synthesis by-products, products of decomposition of the 
substance as well as residual solvents. Traditionally, impurity levels are evaluated using 
chromatography, but however, no detailed structural information is obtained and identi-
fication of the impurity must be done separately. The isolation of the impurity, which is 
needed for validation, can be tedious and it can require both time and money. 
The qualitative and quantitative analysis of unknown impurities that are present in a 
sample can be also done by applying NMR spectroscopy. Structures of probable impuri-
ties can be predicted with logical reasoning by studying the reaction mechanism. Since 
nowadays predicting an NMR spectrum with a fair accuracy is routine354, it can be also 
used to assist impurity screening. The basic idea is to predict 1H NMR spectra for all the 
probable impurity structures obtained by logical reasoning and to compare the predicted 
spectra to the spectrum obtained from the sample suspected to contain impurities. The 
comparison yields an initial overview of the impurities. The chain “logical reasoning – 
prediction – assignment” can also be used to exclude an impurity: if the observed spec-
trum does not contain a single peak corresponding to the predicted spectrum of the im-
purity, it is highly unlikely that the sample will include that impurity. The final assign-
7. Synthesis Impurity Profiling Based on Spectral Prediction, 2D Correlation Spectroscopy and QHNMR 
Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 93 
ments and confirmation of the assignments based on the prediction can be done using 
2D methods, like COSY or HSQC. These methods can be also used to reveal hidden, 
overlapped signals of the potential impurities. After the assignments of the impurity 
compounds are confirmed, a QNMR analysis can be done to find out the amount of each 
impurity. 
7.2. Results and discussion 
Based on chromatographic analysis 1,2,5-substituted aromatic compound (in future ab-
breviated to 1,2,5-D) from three different batches contained variable amounts of an un-
known impurity compound. The objective of this study was to perform qualitative and 
quantitative analysis to impurities of 1,2,5-D from given samples (three different 
batches), and particularly, exclude the presence of its structural isomer, 1,2,3-substituted 
aromatic compound (in future abbreviated to 1,2,3-D). For the analysis, we obtained 
also samples of three intermediates of the 1,2,5-D synthesis. The synthetic pathway 
leading to the 1,2,5-D can also lead also to 1,2,3-D if the starting material for the syn-
thesis of 1,2,5-D contains also the starting material needed for the 1,2,3-D.  
The two exchangeable protons of the main product give broad signals when using 
only DMSO-d6 as a solvent. After testing, we found out that 20 % D2O (w/w) was 
enough to dissipate the exchangeable protons’ signal from 1H NMR spectrum. The sol-
vent remained its capability to dissolve adequate amount of the sample. An increase of 
the temperature to 315 K was needed to shift some signals to higher field. This allowed 
us to study if there were any impurity signals located under the original position of these 
signals. 
Because the spectra of the potential impurities were not known, their spectra were 
predicted using PERCH NMR Software. In order to improve the quality of prediction, 
spectra of the intermediate products were analyzed, and the chemical shifts were in-
cluded into the prediction database. In this way, most of the unknown chemical shifts 
could be predicted within ± 0.10–0.20 ppm. 
The first intermediate (1,2,5-A) was dissolved into a solvent optimized for these 
studies (DMSO:D2O, 4:1 (w/w)), and several 1D NMR spectra were run. A total-line-
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shape fitting analysis was also performed to confirm the impurity levels. The compari-
son of the predicted chemical shifts with the observed ones, together with the coupling 
information (confirmed by quantum mechanical spectral analysis), confirmed that the 
major impurity is (1,2,3-A). 
A 13C decoupled 1H NMR spectrum of the second intermediate (1,2,5-B) was meas-
ured (Figure 16). Since the most probable impurity was 1,2,3-B, its chemical shifts were 
predicted. Comparison of the predicted and observed chemical shifts of 1,2,3-A reveals 
that the most reliable prediction is obtained for the proton 5. Since the substituents of 
1,2,3-A and 1,2,3-B have very similar effects to chemical shifts, it can be concluded that 
the prediction of 1,2,3-B proton 5 is very reliable. Thus, the absence of the H5 signal 
between the two major signals strongly indicates the absence (<0.01 mol-%) of 1,2,3-B. 
 
Figure 16.A part of the 13C decoupled 1H spectrum of 1,2,5-B. No clear impurity signals be-
tween the two major signals are observable, and thus it can be concluded that the sample 
does not contain 1,2,3-B as an impurity above 0.01 % level. 
The 1H NMR spectrum showed clear impurity signals located at low field. Total-
line-shape fitting revealed that these protons correspond to impurity levels of 
1.36 mol-% and 1.39 mol-%, respectively. To explore the structure of the impurity, a 
standard (Figure 17A) and a 13C-decoupled 1H-1H COSY-45 (Figure 17B) spectra were 
measured. COSY-45 was selected due to its ability to suppress the diagonal peaks, and 
thus, allows better view to the small signals located close to the main compound sig-
nals.355 
7. Synthesis Impurity Profiling Based on Spectral Prediction, 2D Correlation Spectroscopy and QHNMR 
Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 95 
 
Figure 17. (A) 1H–1H COSY-45 spectrum of 1,2,5-B. (B) A part of 13C decoupled 1H-1H 
COSY-45 spectrum. The use of 13C decoupling clearly improves the separation of adjacent 
impurity signals. 
Based on the prediction, the COSY spectra, and the quantification, it can be con-
cluded that the main impurity is not 1,2,3-B. Further analysis and 1H-13C HMBC re-
vealed that main impurity was previously unknown compound (in future X). 
The 13C decoupled 1H spectrum of the third intermediate (1,2,5-C) is given in Fig-
ure 18.  
 
Figure 18. 13C decoupled 1H spectrum of 1,2,5-C showing at high field two signals that be-
long to an unknown impurity. The level of impurity was 0.36 %. 
Based on chemical shift prediction, 1H-13C HSQC and 1H-13C HMBC spectra, it 
could be proposed that the impurity (in future Y) in the 1,2,5-C sample was generated 
from X. Impurity level of 0.36 % was determined with total-line-shape fitting. 
  
Pasi Soininen: Quantitative 1H NMR Spectroscopy – Chemical and Biological Applications 
96 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 2008, 240, 1–128 
The 13C-decoupled 1H spectra of the 1,2,5-D samples are given in Figure 19. 
 
 
Figure 19. 13C decoupled 1H spectra of three 1,2,5-D samples, (A) retention index of the 
major impurity (RI) = 1.80, 0.0265 %; (B) RI = 1.79, 0.0512 %; (C) RI = 1.58, 0.0594 %. 
Due to decoupling or instrumental artifact (DA), quantification of all the signals was not 
possible. All of the obtained impurity levels are lower than those obtained by chromatogra-
phy. 
The predicted chemical shifts of 1,2,3-D are so close to those of 1,2,5-D that it is 
not possible to verify whether it is in the samples underlying under the 1,2,5-D signals. 
Anyhow, all the three spectra in Figure 19 show a signal (up to 0.04 %) that could be 
assigned to the H6 proton of 1,2,3-D. In previous cases, the prediction error for H6 has 
been relatively large, but systematically negative, which means that the observed shift 
fits very well to the structure of 1,2,3-D. However, based on a COSY spectrum and 
coupling information obtained from 1H spectrum show that the proton is not coupled to 
the H5 signal whose chemical shift could be predicted reliably. 
To identify the impurities present in the freshly prepared sample, we compared the 
spectra of the intermediate products and their impurities to the spectra of 1,2,5-D sam-
ples. However, none of these molecules is present in quantifiable levels in the 1,2,5-D 
samples. Also, not a single impurity, which would yield the impurity levels reported in 
the chromatograms, was observed. All of the observed impurity levels were <0.04 %. 
Also, none of the intermediates or their impurities could be found in the 1,2,5-D samples 
(every impurity had at least one chemical shift which is not overlapping with the major 
signals, and thus, could be identified from the spectra measured in the same conditions).  
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Since all the 1,2,3-D isomer chemical shifts are either overlapped with the major 
signals or close to them, the absence of 1,2,3-D is difficult to verify exclusively from the 
1,2,5-D 1H NMR spectrum using only the predicted information about the chemical 
shifts. The absence of 1,2,3-D in 1,2,5-D can be verified indirectly if the synthetic in-
termediates can be traced reliably: 1,2,3-B is an essential intermediate in 1,2,3-D syn-
thesis, and since the 1,2,5-B sample did not contain or has no detectable (below 0.01 %) 
amount of 1,2,3-B, it either cannot be present in the 1,2,5-D samples or, at least, its con-
centration is even lower than the concentration of 1,2,3-B in corresponding 1,2,5-B 
samples due to purification steps during the synthesis. The absence of 1,2,3-B in the 
1,2,5-B sample could be proven with the absence of the diagnostic 1,2,3-B H5 signal. 
The amounts of the impurities that were visible in the NMR spectra did not exceed 
0.04% in the three batches. Because the NMR method does not need calibration (signal 
areas are strictly proportional to their concentrations), the concentration estimates can be 
considered reliable and as upper limits for individual impurities. 
7.3. Conclusions 
In this project a protocol for the structural and quantitative analyses of the unknown 
impurities present in the sample were presented. A proposed four-step scheme is 
1) Conclude the potential impurities based on the impurity profile of 
starting materials and reaction mechanism. 
2) If the impurity compounds or their NMR spectra cannot be obtained, 
predict the chemical shifts and coupling constants, and simulate the 
corresponding 1H NMR spectra. The quality of the prediction can be 
improved by including the spectra of the starting materials and the in-
termediates to the database. Define confidence limits for the predic-
tion and compare the simulated impurity spectra to the observed 
spectrum. Find which of the simulated impurity signals are overlaid 
to observed ones considering also the confidence limits. Estimate the 
possibility that simulated impurity signals may be hidden under the 
main compound signals. 
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3) Perform 2D experiments to rule out or to confirm possible overlap-
ping. A COSY-45 is a good one to start with since the coupling 
routes can be solved quickly. The COSY-45 is recommended instead 
of standard COSY (COSY-90) since it simplifies the crosspeaks, and 
also, reduces the intensities and areas of the diagonal peaks. 13C de-
coupling should be used to remove the possible interference from 
carbon-13 satellites. Thus, small peaks located close to the main 
compound signals will be easier to detect. If the presence or structure 
of the impurity cannot be verified with a COSY spectrum, a HSQC 
and HMBC spectra should be considered.  
4) When the impurity signals are located and their structure is con-
firmed with 2D methods, run a quantitative 1H 1D NMR spectrum 
and use advanced methods, like deconvolution, to determine the con-
centration of the impurity. 
7.4. Experimental 
Solvent was prepared by weighing 4 parts of deuterated dimethylsulfoxide (DMSO-d6, 
99.9 %-d, 0.1 % tetramethylsilane) and 1 part of deuterated water (D2O, 99.8 %-d) into a 
clean, dried vial. D2O was added to suppress the signals arising from exchangeable pro-
tons. Samples were prepared by adding ca. 50 mg of sample substance and 0.5 ml of 
solvent directly to an NMR tube. 
All the spectra were measured on a Bruker AVANCE DRX 500 spectrometer oper-
ating at 500.13 MHz. Standard proton spectra were measured using a sweep width of 
6000 Hz, 5.5 s acquisition time, 4.5 s relaxation delay, and a 90-degree excitation pulse. 
Carbon-13 decoupled proton spectra were measured using the same parameters as the 
standard 1H NMR spectra, but GARP-1 decoupling during relaxation delay and acquisi-
tion with offset at middle of aromatic carbon chemical shifts was added. Prior to Fourier 
transformation, the spectra were zero-filled once to 128k data points and an exponential 
window function with 0.2 Hz line broadening was applied. The 1H-1H COSY-45 and 
13C-decoupled 1H-1H COSY-45 were measured in a magnitude mode using a spectral 
width of 4000 Hz for full spectral region and 900 Hz to obtain detailed aromatic region 
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spectrum. The number of collected complex points was 2048 (512 for detailed aromatic 
region spectrum) and number of time increments was 128. Prior to Fourier transforma-
tion, squared sine bell apodization function was applied in both dimensions. The data 
matrix after the Fourier transformation was 2048 × 2048. 13C-decoupling was done us-
ing similar approach as in 13C-decoupled 1H spectra. The HSQC and HMBC spectra 
were measured in a routine way according to manufacturer’s guide. 
The processing, quantification and prediction of the 1D 1H spectra were done using 
PERCH NMR Software version 2005.1. The quantification was based on constrained 
total-line-shape fitting presented by Soininen et al.352 The chemical shift and coupling 
constant prediction of the PERCH NMR software is based on the 3D molecular structure 
including conformational space analysis and solvent effects. This was obtained with 
Monte Carlo molecular dynamics run of MMS-module of PERCH NMR Software. The 
prediction accuracy was improved by appending the observed chemical shifts of known 
structures to the prediction database. 
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8. CONCLUSIONS AND FUTURE REMARKS 
In the present study, tools and applications of qHNMR spectroscopy were developed 
and evaluated. 
It was shown that NMR can be used to obtain accurate quantitative results from 
mixturesPaper II. In our case, we were able to quantify 0.05 mol-% level impurities that 
were located at the root of the signals arising from the major compounds. The suitability 
of deconvolution to accurate integration was validated, and it was shown that accurate 
and precise results are obtainable with modern instrumentation and software. In the case 
of unknown impuritiesUnpublished work, it was shown that a protocol based on logical reason-
ing together with simple 2D experiments followed by total-line-shape quantification is 
an efficient tool for impurity screening and structure elucidation. 
In the study of the effects of mercury to lipid peroxidationPaper 1a, a simple method 
based on lipophilic extraction and qHNMR to explore the non-enzymatic and enzymatic 
peroxidation of LDL was developed. We were able to prove that mercury does not pro-
mote the lipid peroxidation. The developed method was then applied to prove the anti-
oxidative effects of hydroxymatairesinol.Paper 1b Secondly, the binding properties of Pr-10 
protein were studied using STD NMR.Paper III We were able to show that the protein 
binds several biologically important ligands. In addition, differences in the ligand bind-
ing properties could be shown by using the qHNMR tools developed here. Finally, the 
quantitative tools developed here were applied to study the dynamics of enzymatic mod-
ification of LDL using constrained total-line-shape fitting.Paper IV As a result, a novel 
signal assignment was done, and, in addition, we were able to see the early generation of 
lysophosphatidylcholine during the oxidation of LDL. 
In the future, it would be highly interesting to develop further the qHNMR tools for 
automatic simultaneous unambiguous identification and accurate quantification of com-
pounds present in a mixture. These kinds of tools are needed, for example, in the emerg-
ing field of quantitative metabonomics. One goal is to promote the qHNMR by provid-
ing applications that are suitable for exquisite applications as well as for everyday work.
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